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comprehensive	 sub-surface	 stratigraphic	 and	 high	 resolution	 geomorphic	assessment,	 of	 a	 57,400	 km2	 area	 covering	 the	 majority	 of	 southwestern	Saskatchewan	(referred	to	as	the	southwestern	Saskatchewan	swath:	see	section	2.1),	in	order	to	present	a	more	in-depth	regional	reconstruction	and	understanding	of	the	spatial	and	temporal	dynamics	of	palaeo-ice	streams	in	the	Interior	Plains	of	western	Canada.			
1.2	Research	design	The	 research	 presented	 here	 aims	 to	 increase	 current	 understanding	 of	 the	relationship	between	data	 that	are	undoubtedly	connected	 to	glacial	processes	 (e.g.	till	 architecture)	 and	 landform	 assemblages	 that	 are	 thought	 to	 relate	 to	 glacial	dynamics	 including	 ice	 streaming.	 This	 will	 lead	 to	 a	 more	 robust	 subglacial	landscape	 analysis	 that	 will	 improve	 the	 way	 glacial	 stratigraphic	 records	 and	geomorphic	 evidence	 are	 analysed	 and	 interpreted	 in	 the	 Canadian	 Prairies.	Furthermore	 this	 project	 offers	 a	 unique	 opportunity	 to	 assess	 the	 till	 architecture	associated	 with	 palaeo-ice	 stream	 operation	 and	 thus	 test	 theoretical	 models	established	by	Boulton	(1996a,	b)	related	to	till	deposition	patterns	associated	with	fast	glacier	flow	and	ice	streaming.			1.2.1	Aims	The	overarching	aims	of	 this	 study	are	 to:	 i.	 reconstruct	 the	depositional	history	of	the	 southwestern	 Saskatchewan	 swath;	 ii.	 determine	 the	 spatial	 dynamics	 and	regional	sedimentary	architecture	of	palaeo-ice	streams	iii.	evaluate	the	significance	of	 depositional	 patterns	 in	 the	 context	 of	 theoretical	 models	 of	 regional	 till	architecture	(Boulton	1996a,b).		1.2.2	Research	objectives:	To	achieve	these	aims	the	following	set	of	research	objectives	were	developed:	
1.	 to	 accurately	map	 the	 glacial	 geomorphology	 of	 the	 southwestern	 Saskatchewan	swath	from	SRTM	and	Landsat	ETM+	imagery.	





4.	 to	 reconstruct	 the	depositional	history	of	 the	 southwestern	Saskatchewan	 swath	and	 establish	 the	 extent	 of	 till	 emplaced	 during	 ice	 stream	 operation	 through	space	and	time		
5.	to	critically	assess	theoretical	models	established	by	Boulton	(1996a,	b)	related	to														till	deposition	patterns	associated	with	fast	glacier	flow	and	ice	streaming.			




2.	The	Glacial	History	of	Southwestern	Saskatchewan		As	 discussed	 in	 Chapter	 1	 subglacial	 thermo-mechanical	 conditions	 favouring	 fast	flow	 are	 considered	 to	 have	 been	 widespread	 over	 southwestern	 Saskatchewan	during	the	last	deglaciation	(Marshall	et	al.,	1996).	This	region	thus	offers	a	valuable	opportunity	 to	 advance	 our	 understanding	 of	 ice	 stream	 operation	 and	 dynamics.	This	chapter	discusses	the	study	area	introduced	in	section	1.1	and	gives	an	overview	of	 the	 current	 understanding	 of	 Quaternary	 stratigraphy,	 deglaciation	 models	 and	palaeo-ice	stream	reconstructions	in	southwestern	Saskatchewan.			
2.1	Study	area		Saskatchewan	is	situated	in	the	Canadian	Praires	and	is	bordered	by	the	province	of	Alberta	to	the	west,	Manitoba	to	the	east	and	Northwest	Territories	to	the	north	(Fig	2.1).	Physiographically,	 this	province	 falls	within	 two	regions:	 the	 Interior	Plains	 in	the	south	and	the	Canadian	Shield	in	the	north.	The	rolling	landscape	of	southwestern	Saskatchewan	 is	 the	 result	 of	 an	 extended	 period	 of	 fluvial	 erosion	 succeeded	 by	multiple	 Quaternary	 glaciations	 and	 interglaciations	 which	 constructed	 thick	sequences	of	 sediment	 (up	 to	300	m	 locally;	Klassen,	1989).	The	57,400	km2	 study	area	 encompasses	 the	 southwestern	 sector	 of	 the	 Interior	 Plains	 (Fig	 2.1)	 ranging	from	 110°-109°	 W	 and	 50°-54°	 N.	 The	 area	 incorporates	 National	 Topographic	System	 (NTS)	Maps	 72K,	 72N,	 73C	 and	 partially	 covers	 73F.	 As	 this	 area	 does	 not	encompass	 the	 whole	 of	 southwestern	 Saskatchewan,	 the	 study	 area	 is	 hereafter	referred	to	as	the	southwestern	Saskatchewan	swath	(SWSS).		





















































































































































































































Figure	 2.2:	 Buried	 valleys	 on	 the	 Canadian	 Prairies	 and	 North	 Dakota	 (WCSB	 stands	 for	 Western	
Canadian	 Sedimentary	 Basin).	 Buried	 valley	 extents	 are	 approximately	 denoted	 by	 double	 grey	 lines,	
whereas	buried	 valley	 thalwegs	are	 indicated	by	black	 lines.	Red/orange	 colours	 indicate	Precambrian	
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history	is	known,	little	is	known	about	the	exact	dynamics	of	these	ice	sheets,	their	flow	directions	 and	 details	 of	 the	 interglacial	 periods	 between	 them.	 Thus	 the	 detailed	subsurface	investigation	provided	in	this	study	affords	an	ideal	opportunity	to	advance	current	understanding	of	the	glacial	evolution	of	the	region.	
	

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.	Ice	Streams:	Dynamics,	Controls	and	Reconstruction		The	 significance	 of	 investigating	 the	 landform-sediment	 record	 of	 southwestern	Saskatchewan	 within	 the	 framework	 of	 the	 ice	 stream	 paradigm	 was	 established	 in	Chapter	2.	 	To	place	this	discussion	into	context,	 the	following	chapter	will	discuss	the	different	types	of	ice	streams;	the	mechanisms	that	facilitate	fast	ice	flow;	as	well	as	the	controls	 on	 their	 operation.	 Current	 knowledge	 of	 palaeo-ice	 streams	 will	 then	 be	reviewed	including	characteristic	criteria	used	to	identify	them	in	the	geomorphological	and	sedimentological	record.		

















as	 a	 result	 of	water	 capture	 by	 another	 ice	 stream	 or	 the	 collapse	 of	 a	 high	 pressure	drainage	 network	 into	 a	 channelised	 system)	 that	 can	 lubricate	 the	 ice	 bed	 (Bennett,	2003).	Reducing	the	amount	of	water	in	the	subglacial	till	layer	could	produce	patches	of	well-drained	stronger	till,	thought	to	be	another	major	cause	of	sticky	spots	(Stokes	et	al.,	2007).	 In	 the	 same	way	 that	 water	 could	 be	 captured	 by	 a	 neighbouring	 ice	 stream,	Payne	and	Dongelmans	(1997)	proposed	that	the	accumulation	area	of	ice	could	also	be	captured,	 affecting	 the	 accumulation	 areas	 and	 thus	 flow	 speed	 of	 neighbouring	 ice	streams	 (Payne	 and	 Dongelmans,	 1997).	 Changes	 in	 thermal	 processes	 are	 the	 third	proposed	cause	of	ice	stream	shutdown	(Bennett,	2003).	This	is	thought	to	be	through	a	switch	 from	melting	 to	 freezing	 basal	 conditions	 (Christoffersen	 and	 Tulaczyk,	 2003).	Rapid	 ice	 flow	 will	 cause	 ice	 thinning	 (Bennett,	 2003).	 This	 in	 turn	 will	 cause	 the	movement	of	 colder	 ice	closer	 to	 the	bed,	 leading	 to	a	 reduction	 in	 fast	 flow	(Bennett,	2003).	While	the	factors	highlighted	have	been	proposed	in	the	context	of	contemporary	ice	 streams,	 temporal	 and	 spatial	 variation	of	 several	 of	 these	 factors	 (surging,	 loss	of	lubricating	 till,	 ice	 piracy,	 water	 piracy	 and	 changes	 in	 thermal	 processes)	 have	 been	suggested	 to	 have	played	 a	 significant	 role	 in	 the	 location	 and	dynamics	 of	 palaeo-ice	streams	(Kleman	and	Glasser,	2007;	Ross	et	al.,	2009	and	Ó	Cofaigh	et	al.,	2010)		




streams	 are	 marine-terminating,	 palaeo-ice	 streams	 provide	 a	 unique	 chance	 to	 also	study	terrestrially	terminating	ice	streams	(Stokes	and	Clark,	1999).	
	
Figure	 3.1:	 Locations	 of	 palaeo-ice	 stream	 (indicated	 by	 black	 arrows)	 in	 the	 former	 northern	































are	 recognised:	A.	marine	 isochronous;	B.	marine	 time	 transgressive	C.	 terrestrial	 isochronous;	 and	D.	



























3.2.2.8	Submarine	till	deltas	or	sediment	fans																																																																										Large	sediment	depo-centers	on	a	continental	slope	may	also	be	indicative	of	ice	stream	activity	(Stokes	and	Clark,	1999).	Known	as	trough	mouth	fans,	they	are	described	as	fan-shaped,	 diamict-dominated	 sediment	 accumulations	 (Ó	 Cofaigh	 et	 al.,	 2003)	 likely	formed	 as	 large	 volumes	 of	 sediment	 are	 delivered	 to	 the	 shelf	 edge	 by	 marine-terminating	ice	streams	(Ó	Cofaigh	et	al.,	2003).	Trough	mouth	fans	have	been	identified	in	 the	 Polar	 North	 Atlantic	 and	 on	 the	 Antarctic	 continental	 margin	 (Kuvaas	 and	Kristoffersen,	 1991;	 Vorren	 and	 Laberg,	 1997;	 Ó	 Cofaigh	 et	 al.,	 2003).	 	 Furthermore,	Evans	 et	 al.	 (2012)	 referred	 to	 arcuate	 morainic	 assemblages	 on	 the	 prairies	 as	terrestrial	equivalents	of	trough	mouth	fans	(see	Section	3.2.2.9),	thus	these	features	may	not	be	isolated	to	marine	terminating	ice	streams.	
































4.	Methods		This	 chapter	 reviews	 the	 methods	 used	 to	 address	 the	 research	 aims	 and	 is	subdivided	into	two	sections,	consistent	with	the	two	approaches	used	to	investigate	the	 characteristics	 and	distribution	of	 glacial	 sediments	and	 landforms.	 Section	one	reviews	the	methods	employed	in	mapping	glacial	geomorphology	in	the	SWSS.	The	second	 section	 describes	 the	 stratigraphic	 analyses	 used	 and	 its	 benefits	 in	understanding	 ice	 stream	dynamics.	 This	 section	 also	documents	 the	 application	of	Rockworks	 16TM	 in	 three-dimensional	 subsurface	 stratigraphic	 modelling.	 A	supplementary	 user	 guide	 detailing	 the	 step	 by	 step	 process	 of	 modelling	stratigraphic	units	in	Rockworks	16TM		is	then	reproduced	in	Appendix	1.		












by	 0.025%	 to	 further	 aid	 landform	 identification.	A/B.	 provide	 two	 illumination	 perspectives.	Note	 the	
distinct	 visual	 changes	 in	 the	 imagery	 from	 a	 single	 DEM	 manipulation.	 C/D.	 Provide	 two	 different	















ETM+	 038	 024	 29/07/1999	
ETM+	 038	 025	 03/08/2001	
ETM+	 039	 022	 22/09/1999	
ETM+	 039	 023	 23/09/2000	
ETM+	 039	 024	 23/09/2000	
ETM+	 039	 025	 22/07/2000	
ETM+	 040	 022	 17/08/2001	












Figure	 4.2:	 Landsat	 ETM+	 imagery	 of	 the	 study	 area.	 A.	 The	 eight	 individual	 Landsat	 ETM+	 tiles	











































Figure	 4.6:	 A.	 Distribution	 map	 of	
borehole	 locations	within	the	SWSS.	
Each	 point	 relates	 to	 a	 single	
borehole	 location	 at	 which	 electric	
logs	 (drilled	 through	 Quaternary	
deposits	 into	 bedrock),	 field	 log	
descriptions,	 and	 information	 from	
drill	 cuttings	 and	 sidewall	 samples	
were	 obtained.	 Boreholes	 range	
from	BH-001	 to	 BH-198.	B.	Regions	
























BH-001	 SRC	PENNANT	NO.1	 704599	 5607110	 680	 141	
BH-002	 SRC	WHITE	BEAR	NO.1	 702375	 5645993	 610	 130	
BH-003	 SRC	PENNANT	NO.2	 694689	 5606733	 718	 189	
BH-004	 SRC	LAKE	ANTELOPE	NO.1	 688642	 5577571	 724	 143	









BH-001	 0	 5	 Clay	
BH-001	 5	 7	 Silt	clay	
BH-001	 7	 32	 Diamicton	(oxidised)	









Figure	 4.7:	 Example	 of	 a	
composite	 borehole	 log	




















	 Colour-	 Colour	 was	 recorded	 (in	 a	 moist	 state)	 for	 both	 weathered	 and		 oxidised,	and	unweathered		and	unoxidised	sediments.	Colours	were	recorded		 on	borehole	 logs	using	Munsell	 colour	 charts	 and	 coding	 system.	Weathered		 units	in	the	study	area	were	commonly	very	light	brown,	compared	to		the	dark		 grey	of	unweathered	units.	This	is	probably	a	result	of	oxidation	of	iron-oxide		 particles	 in	 the	 sediment	 (Andriashek	 and	Fenton,	 1989).	Units	 that	 showed		 oxidation	 through	 the	 entire	 sample	 and	 not	 only	 along	 fracture	 surfaces		 were	 referred	 to	 in	 this	 study	 as	 being	 oxidised.	 In	most	 places	 these	 units		 were	interpreted	to	have	been	exposed	to	surface	weathering	after	deposition,		 especially	 where	 unoxidised	 till	 overlies	 oxidised	 till;	 in	 such	 places	 the		 oxidised	zone	is	considered	to	represent	a	weathered	surface	on	the	lower	till.		 	
	 Grain	 size-	 Recorded	 on	 the	 majority	 of	 drillers’	 logs	 are	 field	 estimates	 of		 the	dominant		grain	 size	 of	 <2	 mm	 fraction.	 Related	 to	 grain	 size	 is	 the		 moisture	content,	which	was	expressed	as	dry,	moist	or	wet.			
	 Pebble	lithology-	On	borehole	records	only	easily	recognised	differences	in	the		 pebble	 lithology	 were	 recorded.	 However	 in	 many	 cases	 drill	 sample	 logs		 commonly	did	not	contain	sufficient	pebbles	for	meaningful	counts.		
	 Stratification,	 partings	 and	 laminations-	 These	 structural	 elements	 were		 recorded	on	borehole	logs.	Bedding	and	partings	were	recorded	from	samples		 even	though	they	are	twisted	and	distorted	by	the	drilling	process.		
	 Inclusions	 of	 glacially	 displaced	 sediments-	Masses	 of	 glacially	 displaced	 and		 incorporated	 older	 sediment	 are	 recorded	 in	 some	 borehole	 samples	where		 displaced	 material	 is	 lithologically	 distinct	 from	 the	 host	 material.	 In	 many		 places	these	displaced	materials	are	clearly	identified	on	drillers’	logs.		








In	 addition	 to	 cross	 sectional	 diagrams,	 to	 gain	 an	 alternative	 view	of	 stratigraphic	units,	 2D	 surface	 models	 of	 the	 tops	 of	 major	 stratigraphic	 units	 were	 created	 to	evaluate	 trends	 and	 further	 check	 tentative	 correlations.	 Computer-generated	isopach	maps	were	also	reviewed	in	order	to	 identify	anomalous	data	points.	These	data	points	were	evaluated	and	in	some	cases	manually	edited	in	selected	places	(see	Section	7.4.5	for	evaluation	of	the	application	of	Rockworks	in	creating	isopach	maps)	to	remove	outliers	 that	were	well	outside	the	main	part	of	a	unit,	 resulting	 in	more	consistent	isopach	trends.		




completed	 in	 a	 reasonable	 time.	When	all	 surfaces	were	 completed,	 the	Rockworks	‘grid	 appending’	 tool	was	 used	 to	 build	 them	 into	 a	 single	 gridded	model.	 Firstly	 a	blank	 model	 of	 the	 desired	 dimensions	 was	 created.	 The	 lowest	 surface	 model	(bedrock	surface)	was	then	introduced	and	all	nodes	with	values	below	this	surface	were	re-coded	so	that	they	were	equal	to	the	bedrock	stratigraphic	code.	Sequential	surfaces	up	the	stratigraphic	column	were	then	added	to	form	the	3D	model	until	the	land	 surface	 was	 reached.	 In	 each	 case,	 the	 corresponding	 stratigraphic	 code	 was	used	to	recategorise	blank	cells	situated	beneath	the	new	surface	model	(Rockworks	Inc,	 2013).	 The	upper	 surface	 of	 the	 land	 surface	model	was	 constructed	using	 the	core	top	(collar)	elevations	(z)	of	each	borehole.	Unlike	other	layers	the	topography	between	boreholes	was	not	extrapolated,	but	rather	the	SRTM	DEM	surface	was	used	to	constrain	this	layer’s	surface.	The	base	of	the	model	was	trimmed	25	m	below	the	bedrock	surface	of	the	deepest	measurement.	
	
4.3	Summary	The	methodological	approach	presented	above	has	been	designed	to	provide	a	logical	and	comprehensive	assessment	of	geomorphological	and	stratigraphic	data.		This	will	enable	 a	 thorough	 evaluation	 of	 the	 palaeo-ice	 stream	 behaviour	within	 the	 SWSS.	Accurate	mapping	of	glaciological	geomorphology,	 the	 identification	of	stratigraphic	units,	 and	 the	 construction	of	 a	 regional	 stratigraphic	model,	will	 collectively	 allow	the	depositional	patterns	associated	with	ice	stream	activity	to	be	discussed.											
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	 Chapter	5.	Descriptions	of	Geomorphology	and	Stratigraphy		This	 chapter	 is	 divided	 into	 two	 sections.	 The	 first	 section	 presents	 the	 results	obtained	 from	 glacial	 geomorphological	 mapping	 of	 the	 SRTM	 and	 Landsat	 ETM+	imagery.	Section	2,	describes	the	characteristics	of	surface	and	subsurface	sediments	and	stratigraphy	within	the	study	area.		 	
5.1	Glacial	geomorphology	A	variety	of	glacial	landforms	have	been	described	for	southwestern	Saskatchewan	by	Campbell	(1986a,	b,	1987a,	b)	and	more	recently	by	Ross	et	al.	(2009)	and	Ó	Cofaigh	et	al.	(2010).	This	section	briefly	defines	the	key	landforms	that	have	been	mapped	in	this	 study.	The	 geomorphological	map	of	 the	 study	 area	 can	be	 found	 in	 the	 inside	back	cover	of	this	thesis	as	Map	Sheet	1.		5.1.1	Megageomorphology	and	lineations		Lineation	mapping	highlights	a	prominent	corridor	of	north-south	streamlining	(Fig.	5.1).	This	 corridor	 is	hereafter	 referred	 to	as	Corridor	1	 so	 that	 comparison	can	be	made	 with	 previous	 work	 (Ó	 Cofaigh	 et	 al.,	 2010).	 This	 corridor	 of	 smoothed	topography	and	lineations	stretching	from	the	northern	perimeter	of	the	study	area	terminates	at	a	dense	arcuate	series	of	ridges	(TR-1)	orientated	perpendicular	to	the	lineation	 long	 axes.	Within	 its	 upper	 reaches	 the	 corridor	 displays	 a	 characteristic	convergent	flow	shape	where	it	is	~120	km	wide	followed	by	a	narrow	~60	km	wide	trunk	zone	and	a	progressively	wider	terminal	zone	(170	km)	(Fig	5.1).	Three	smaller	corridors	 of	 streamlined	 terrain	 also	 occur	 which	 cross	 cut	 Corridor	 1.	 They	 run	northwest	to	southeast	across	the	study	area.	These	corridors	(hereafter	referred	to	as	 Corridors	 2A,	 B	 and	 C	 	 (Fig	 5.1))	 are	 narrower,	 at	 ~40	 km	 wide,	 and	 align	perpendicular	 to	 Corridor	 1.	 The	 lateral	 boundaries	 of	 all	 four	 corridors	 are	demarcated	by	prominent	moraines	and	hummocky	terrain	(Fig	5.1).				 		
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imagery	and	only	 large	 lineations	could	be	 identified.	 It	 is	acknowledged	that	much	smaller	lineations	may	exist	that	have	not	been	mapped	at	this	scale.	Because	of	the	resolution	of	the	SRTM	imagery,	on	which	large	streamlined	features	were	identified,	elongation	ratios	(ERs)	could	not	be	accurately	determined,	however,	the	majority	of	lineations	have	ERs	of	>10:	1.			5.1.2	Transverse	Ridges	(Types	1-4)		Three	types	of	transverse	ridges	are	identified	within	the	SWSS.	These	ridges	are	so	called	as	they	are	aligned	transverse	to	the	predominant	orientations	of	lineations	in	each	 of	 the	 four	 corridors	 identified.	 These	 features	 are	 most	 commonly	 non-streamlined	though	in	the	centre	of	some	corridors	ridges	have	been	smoothed	and	decorated	 with	 flutings	 indicative	 of	 streamlining.	 Each	 of	 these	 transverse	 ridge	types	are	classified	based	on	their	characteristics	described	below.		5.1.2.1	Transverse	Ridge:	Type	1		Clearly	visible	on	the	SRTM	imagery	(Fig	5.2)	are	numerous	type	1	transverse	ridges	(TR-1),	which	mainly	occur	as	densely	spaced	arcuate	ridges	that	collectively	display	lobate	planforms.	These	ridges	are	split	into	two	categorises	based	on	size.	Minor	TR-1,	 mapped	 as	 lines	 on	 Figure	 5.1	 and	 5.2	 (predominantly	 from	 Landsat	 ETM+	imagery)	 are	 typically	 1-10	 m	 high,	 50-100	 m	 wide	 and	 up	 to	 2	 km	 long.	 Major	moraine	ridges	in	contrast	are	much	larger	(visible	on	both	Landsat	ETM+	and	SRTM	imagery),	typically	1-3	km	wide	and	can	be	up	to	60	km	long	and	50	m	high,	thus	their	outlines	are	clearly	visible	and	they	have	been	mapped	as	polygons	(Fig	5.2).	A	total	of	 154	 TR-1	 are	mapped	 in	 the	 study	 area	 of	 which	 ~40	%	 have	 been	 previously	identified	(Campbell,	1986a,	b,	1987a,	b;	Ross	et	al.,	2009;	Ó	Cofaigh	et	al.,	2010).			The	largest	series	of	major	TR-1	occurs	at	the	southern	end	of	Corridor	1	(orientated	perpendicular	 to	 associated	 lineations)	 and	 coincides	 with	 an	 abrupt	 rise	 in	topography	 of	 the	 Cypress	 Hills.	 Individual	 TR-1	 segments	 that	 make	 up	 this	 arc	range	 in	 length	 from	 1-60	 km	 and	 in	 width	 from	 0.5-2.5	 km.	 They	 have	 been	accentuated	 in	 the	 south	 due	 to	 the	 incision	 of	 meltwater	 channels.	 This	 series	 is	broadly	 arcuate	 and	 extends	 into	 southern	 Alberta.	 Several	 prominent	major	 TR-1	also	occur,	oriented	parallel	to	their	corresponding	corridors’	long	axes,	and	mark	the	
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5.1.2.3	Transverse	Ridge:	Type	3		Large	subparallel,	generally	arcuate,	sharp	crested	ridges	10-60	m	high	and	150-300	m	 wide	 are	 visible	 throughout	 the	 study	 area.	 In	 many	 cases	 these	 ridges	 are	accompanied	 by	 a	 depression	 (typically	 filled	with	 a	 lake)	 immediately	 behind	 the	end	of	 the	 ridge	arc,	 such	as	 can	been	seen	 in	 front	of	Muddy	Lake	 (40	km	west	of	Handel)	(see	Map	Sheet	1	for	location)		5.1.2.4	Transverse	Ridge:	Type	4		Several	large,	wide	and	low	amplitude	ridge	complexes	(10	m	high	and	20	km	wide)	are	 visible	 in	 the	 northern	 portion	 of	 the	 study	 area	 that	 have	 been	 glacially	smoothed	 by	 overriding	 ice.	 The	 ridges	 occur	 in	 two	 concentrations	 that	 form	 a	southwesterly	oriented	arc.	All	 type	4	ridge	(TR-4)	complexes	are	overprinted	with	lineations	and	their	tops	smoothed	extensively.	Consequently,	individual	ridge	crests	are	not	distinguishable	and	thus	these	smoothed	mounds	are	mapped	collectively	as	ridge	complexes.		








ridge	 complex.	 	 The	 extent	 of	 this	
landform	 is	marked	 by	 points	X	and	X’	 ,	




5.1.4	Sinuous	ridges		Elongate	sinuous	ridges	are	prominent	throughout	the	study	area	and	those	mapped	have	 heights	 between	 5-10	 m	 and	 lengths	 from	 2-10	 kms.	 These	 landforms	 were	primarily	identified	from	SRTM	imagery	thus	only	large	lineations	could	be	identified	and	 it	 is	 acknowledged	 that	much	 smaller	 lineations	may	 exist	 that	 have	 not	 been	mapped	 at	 this	 scale.	 While	 the	 majority	 of	 sinuous	 ridges	 remain	 isolated	 and	relatively	linear,	within	Corridor	1,	a	small	complex	of	these	ridges	is	present.	These	features	are	10-15	km	long	and	previously	have	been	informally	named	the	Glidden	Esker	Network	 (Christiansen,	1987).	The	sinuous	ridges	 identified	along	Corridor	1	exhibit	 a	northwest	 to	 southeast	orientation	 following	 the	natural	 slope.	Further	 to	the	north	on	 this	 corridor	 another	 sequence	of	prominent	 ridges	 are	present.	They	form	 a	 10	 km	 network	 that	 occurs	 in	 close	 association	 with	 a	 collection	 of	 TR-3.	Additionally,	multiple	 sinuous	 ridges	are	also	present	within	Corridors	2A,	B	and	C	and	here	exhibit	a	more	west	to	east	orientation	(Map	Sheet	1).		5.1.5	Abandoned	channels	A	complex	and	extensive	system	of	abandoned	channels	occur	throughout	the	study	area.	Abandoned	channels	are	predominantly	mapped	from	SRTM	and	from	Landsat	ETM+	data,	however	due	to	the	small	scale	of	many	channels,	where	the	resolution	of	imagery	 hindered	 identification,	 these	 channels	 were	 cross	 referenced	 against	Campbells’	(1986a,	b,	1987a,	b)	glacial	geology	maps	of	the	region.	It	should	be	noted	that	 it	 is	 possible	 that	 some	 of	 the	 mapped	 channels	 are	 in	 fact	 sub-aerial	 rivers	(seasonally	active	or	dry),	but	it	is	difficult	to	conclusively	differentiate	between	these	using	 the	 imagery	 available.	Within	 Corridor	 1	 abandoned	 channels	 predominantly	have	 a	 NE-SW	 orientation.	 However	 within	 Corridors	 2A,	 B	 and	 C,	 channels	 also	exhibit	 a	 more	 easterly	 orientation.	 Abandoned	 channels	 are	 also	 common	throughout	the	hummocky	terrain	sections,	often	occurring	as	a	complex	network	of	interconnected	channels.	In	this	terrain	channel	orientation	is	often	chaotic.				
Chapter	5:	Descriptions	of	Geomorphology	and	Stratigraphy	
	 60	
5.2	Quaternary	and	glacial	stratigraphy	17	stratigraphic	units	are	recognised	within	the	study	area;	seven	that	contain	glacial	diamicton	and	ten	that	do	not.	As	outlined	in	the	methods	section	of	this	thesis,	units	are	differentiated	on	the	basis	of	stratigraphic	position,	grain	size,	lithic	composition	and	geophysical	properties.	In	order	to	aid	interpretation	and	to	enable	comparison,	descriptions	 are	 summarised	 in	 Table	 1.	 The	 inclusive	 stratigraphic	 model	 is	displayed	in	Figure	5.4	and	is	also	viewable	as	a	dynamic	3D	image	on	the	CD-ROM	in	the	inside	back	cover	of	this	thesis	(Appendix	2).	For	each	unit	included,	a	description	of	the	unit,	its	thickness	and	distribution,	how	it	is	differentiated	from	other	units	and	the	 nature	 of	 its	 contacts	 are	 described	 (Table	 1).	 While	 not	 all	 units	 relate	 to	terrestrial	 ice	streams	active	during	 the	Late	Wisconsinan,	a	description	of	all	units	are	 given	 to	 aid	 in	 reconstructing	 the	 glacial	 history	 of	 the	 region	 and	 placing	inferences	about	Late	Wisconsinan	ice	streams	into	stratigraphic	context.		By	 lithologic	 convention	 it	 is	 common	practice	within	Saskatchewan	and	Alberta	 to	refer	to	all	‘stratified	gravel,	sand,	silt	and	clay	that	overlies	bedrock	and	underlies	till’	as	 the	 Empress	 Group	 (EMP)	 (Whitaker	 and	 Christiansen,	 1972).	 This	 group	 is	recognised	within	most	 of	 the	major	 buried	 valleys	 in	 southwestern	 Saskatchewan	and	 is	 inferred	 to	 be	 Quaternary	 pre-glacial,	 most	 likely	 Late	 Tertiary	 to	 early	Quaternary	 in	 age	 (Whitaker	 and	 Christiansen,	 1972;	 Evans	 and	 Campbell,	 1995;	Cummings	et	 al.,	 2012).	Within	 the	 study	area,	 three	 separate	 lithologically	distinct	units	can	be	mapped:	unit	1,	a	basal	sand	and	gravel	containing	clasts;	unit	2,	a	middle	silt	and	clay	with	minor	sand	and	gravel	beds;	and	unit	3,	an	upper	glacial	sand	and	gravel.			Directly	overlying	Quaternary	pre-glacial	sediments	is	Diamicton	Unit	1	(DU-1).	This	clay	rich	diamicton	is	restricted	within	and	along	major	buried	valleys	and	channels.	A	thick	sand	rich	layer,	SU-A,	then	directly	overlies	DU-1,	exhibiting	a	sharp	contact	with	 the	 overlying	 Diamicton	 Unit	 2	 (DU-2).	 This	 diamicton	 is	 widespread	 and	differentiated	from	the	overlying	Diamicton	Unit	3	(DU-3)	only	where	a	thin	layer	of	stratified	clay,	sand	and	gravel	is	present	(SU-B).	Stratified	Unit	C	(SU-C),	composed	of	silt	 and	 clay,	 separates	 DU-3	 from	 the	 overlying	 Diamicton	 Unit	 4	 (DU-4).	 This	diamicton	is	present	only	 in	the	north	of	 the	study	area;	 thus	SU-C	 is	often	overlain	
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Stratified	Unit	E	(SU-E)	 79/197	 Stratified	sand	and	gravel	and	small	amounts	of	silt	and	clay	 37	 779-494	 Glaciolacustrine	or	glaciofluvial	origin	Diamicton	Unit	5	(DU-5)	 136/197	 Silty-sand	rich	diamicton;	very	coarse	sand	rich	in	carbonate	
fragments	
41	 799-468	 Till	
Stratified	Unit	D	(SU-D)	 35/197	 Stratified	sand	and	gravel	 13	 737-490	 Glaciofluvial	origin	Diamicton	Unit	4			(DU-4)	 47/197	 Clayey	glacial	diamicton	 46	 730-476	 Till	Stratified	Unit	C	(SU-C)	 62/197	 Stratified	silt	and	clay	in	many	locations	also	contains	small	
amounts	of	sand	and	gravel	
38	 745-467	 Glaciolacustrine	






















Surfical Stratified Deposits (SSD) 
 
Diamicton Unit 7  (DU-7) 
Stratified Unit F (SU-F) 
Diamicton Unit 6 (DU-6) 
Stratified Unit E (SU-E) 
Diamicton Unit 5 (DU-5) 
Stratified Unit D (SU-D) 
Diamicton Unit 4 (DU-4) 
Stratified Unit C (SU-C) 
Diamicton Unit 3 (DU-3) 
Stratified Unit B (SU-B) 
Diamicton Unit 2 (DU-2) 
Stratified Unit A (SU-A) 
Diamicton Unit 1 (DU-1) 
 
Empress Group (EMP-3) 
Empress Group (EMP-2) 
Empress Group (EMP-1) 
 
STRATIGRAPHIC UNITS
Vertical Exaggeration x50 




































Unit	description	In	 general	 the	unit	 consists	 of	 <20	m	of	 basal	 gravel	 overlain	by	 sand	 and	 gravelly	sand,	 which	 ranges	 from	 5-40	 m	 in	 thickness	 (Fig	 5.6).	 Sands	 and	 gravels	 that	dominate	the	composition	of	unit	1	of	the	Empress	Group	(EMP-1)	are	found	on	the	floor	of	the	Tyner	and	Battleford	buried	valley	systems.	Drillers’	logs	indicate	that	the	unit	is	composed	of	clasts	derived	from	either	local	sandstone	or	the	Cordillera.	The	lower	 gravel	 layer	 is	 predominantly	 light-coloured	 quartzite.	 Similarly	 the	 sand	 is	light	 coloured	 quartz	 and	 dark	 coloured	 chert.	 This	 mixture	 of	 chert,	 quartz	 and	quartzite	 gives	 the	 unit	 a	 ‘salt	 and	 pepper’	 appearance,	 noted	 in	 drillers’	 log	descriptions.	 The	 sand	 is	 generally	 medium-grained	 and	 well	 sorted	 and	 is	unoxidised	in	all	cores	with	the	exception	of	BH-033.	In	several	locations	within	the	eastern	part	of	the	North	Battleford	Valley	‘till-like’	deposits	are	recorded	at	the	base	of	the	Empress	Group	beneath	gravel,	though	such	deposits	are	interpreted	as	slump	deposits	on	drillers’	logs.			

















































































































































































































































































































































































































borehole	 log	 (Borehole	 ID-
038)	 from	 the	 SWSS.	 Note	 the	
distinct	 change	 in	 electric	 log	





Differentiation	from	other	units	Differentiation	 of	 this	 unit	 from	 the	 underlying	 bedrock	 can	 be	 easily	made	 based	upon	differences	 in	grain	size	and	resistivity	 response	 (Fig	5.6).	This	 is	particularly	true	where	sand	and	gravel	of	EMP-1	are	overlain	by	clayey	deposits	of	EMP-2,	and	the	 two	 are	 easily	 differentiated	 by	 their	 electric-log	 responses.	 In	 contrast,	where	EMP-1	sands	and	gravels	are	directly	overlain	by	glacial	sand	and	gravel	of	EMP-3	the	two	can	only	be	differentiated	based	on	their	elevation.	
	
Nature	of	contact	EMP-1	 shares	 an	 unconformable	 contact	with	 the	 underlying	 bedrock	 and	 is	 easily	recognised	 on	 electric	 logs	 (Fig	 5.6).	 The	 upper	 contact	 of	 EMP-1	 differs	 spatially	within	the	study	area.	In	segments	of	the	Tyner	and	Battleford	buried	valley	systems	where	EMP-1	is	overlain	by	clays	of	EMP-2	or	clay-rich	diamicton	(DU-1)	the	contact	is	 sharp	 and	 easily	 recognised.	 However	 in	 places	 where	 it	 is	 overlain	 by	 EMP-3	(especially	in	the	northern	tributary	of	the	Tyner	Valley),	the	contact	cannot	be	easily	recognised	and	can	only	be	estimated	based	on	stratigraphic	position	and	elevation	range.		Unit	2:	Silt	and	clay,	minor	sand	and	gravel	























































































































































































































































































































Differentiation	from	other	units	In	areas	where	EMP-2	overlies	 sand	and	gravel	of	EMP-1	and	 is	overlain	by	EMP-3	(composed	of	sand	and	gravel)	 it	 is	 identified	with	confidence.	However,	where	this	unit	directly	overlies	bedrock,	EMP-2	can	be	difficult	to	differentiate	from	the	shale.	EMP-2	silt	and	clay	is	differentiated	from	younger	clayey	units	(SU-A	to	F),	primarily	based	on	its	stratigraphic	position,	though	it	should	be	noted	that	this	unit	comprises	a	 very	 similar	 composition	 and	 further	 laboratory	 analysis	 of	 sediments	 would	 be	needed	to	differentiate	this	unit	with	complete	confidence.		
	



































































































































































































































































































































Unit	description	The	composition	of	Unit	3	of	the	Empress	Group	(EMP-3)	is	dominated	by	sands	and	gravels	 with	 very	 small	 amounts	 of	 silt	 and	 clay	 also	 present.	 This	 unit	 is	 a	 very	distinct	pinkish	brown	when	oxidised	and	pinkish	grey	colour	when	unoxidised	(Fig	5.6).	It	is	likely	that	the	pink	tinge	is	due	to	abundant	potassium	feldspar	within	the	sand	 derived	 from	 granitic	 and	 metamorphic	 rocks.	 Gravels	 within	 this	 unit	 are	typically	composed	of	lithologies	derived	from	the	Precambrian	Canadian	Shield.		
	
Thickness	and	distribution	The	extent	of	EMP-3	is	more	spatially	restricted	than	the	underlying	EMP-1	and	2	and	in	 the	 majority	 of	 locations	 lies	 within	 the	 base	 of	 the	 Tyner	 or	 Battleford	 buried	valley	 systems.	 The	 top	 of	 the	 unit	 reaches	 an	 elevation	 of	 706	m	 on	 the	 western	Cypress	 Hills,	 and	 is	 recorded	 at	 453	m	 at	 its	 lowest	 within	 the	 Battleford	 buried	valley	system	(Fig	5.9).			
Differentiation	from	other	units	Recognition	of	EMP-3	is	easiest	when	the	unit	is	underlain	by	EMP-2	and	overlain	by	DU-1,	however	this	stratigraphic	situation	is	only	found	in	9	cores	in	the	North	Tyner	Channel.	Thus	in	many	places	confident	identification	of	this	unit	 is	difficult.	Adding	to	 this,	 EMP-3	 can	 also	 be	 difficult	 to	 differentiate	 from	 younger	 sand	 and	 gravel	deposits	of	SU-A	if	the	two	are	in	contact	such	as	in	BH-110.		




















































































































































































































































































































Unit	description	This	 unit	 comprises	 clayey	 diamicton	 that	 in	 some	 places	 also	 includes	 sand	 (Fig	5.10).	Using	electric	log	responses,	the	unit	is	very	easily	recognised,	especially	where	it	 lies	 between	 other	 stratified	 units.	 In	 the	 majority	 of	 boreholes	 this	 unit	 is	predominantly	unoxidised	and	is	dark	grey	brown	(2.5Y	4/2).	Additionally	the	unit	is	interbedded	with	well-sorted	sediment,	predominantly	clay	but	also	silt	and	sand	of	undetermined	origin.	One	such	area	is	along	the	eastern	end	of	the	North	Battleford	Valley,	where	the	unit	consists	of	clay,	silt	and	diamicton.	 In	all	areas	the	diamicton	has	very	low	resistivity,	presumably	the	result	of	abundant	clay.			
Thickness	and	distribution	DU-1	 lies	 primarily	 along	major	 buried	 valleys	 and	 channels	 (Fig	 5.11).	 The	unit	 is	also	identified	at	the	edges	of	some	uplands,	especially	in	the	south	of	the	study	area.	The	 thickness	 of	 the	 unit	 is	 generally	 <20	 m.	 The	 unit	 is	 thickest	 (58	 m)	 in	 the	southwestern	North	Battleford	Valley	 and	 the	western	 end	 of	 the	Tyner	Valley	 (28	m).		
Differentiation	from	other	units	In	places	where	this	unit	overlies	coarse	deposits	of	the	Empress	Group	and	where	it	is	overlain	by	SU-A	it	is	easily	mapped	(Fig	5.11).	In	places	the	unit	directly	overlies	EMP-2	and	is	overlain	by	DU-2	(which	is	also	clay	rich)	making	differentiation	more	difficult.	 In	 such	 situations,	 differentiation	 is	 based	on	 the	 change	 in	 resistivity	 and	the	lesser	amount	of	clasts	in	DU-1,	however	due	to	the	similarity	it	is	possible	DU-1	could	be	miscorrelated	in	some	cases.		
Nature	of	contact	In	 the	 majority	 of	 boreholes	 this	 unit	 overlies	 the	 Empress	 Group,	 and	 where	 the	latter	consists	of	sand	and	gravel	the	contact	is	sharp	(Fig	5.10).	However	where	the	Empress	Group	consists	of	clay	and	silt	it	is	difficult	to	establish	the	contact	been	the	two	units.	This	is	exemplified	within	BH-144	and	BH-004.	Within	these	cores,	drillers’	logs	 record	 ‘till/possible	 glacial	 till’,	 which	 is	 interpreted	 as	 DU-1,	 even	 though	electric	 logs	 show	a	minimal	difference	between	 this	 till	 and	 the	underlying	 clay	of	
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borehole	 log	 (Borehole	 ID-
102)	 from	 the	 SWSS.	 Note	
the	distinct	change	in	electric	





















































































































































































































































































































Unit	description	The	deposits	 of	 this	 unit	 are	 in	 general	 recorded	 as	 unoxidised	 and	have	 a	 light	 to	medium	grey	colour	(Fig	5.10).	This	unit	 is	made	up	of	a	majority	of	coarse	grained	sand	and	gravel	but	also	contains	minor	amounts	of	silt	and	clay	that	are	interbedded	within	the	main	sands	and	gravels.		
	
Thickness	and	distribution	Within	buried	valleys	and	channels	 the	unit	overlies	either	DU-1	or	Empress	Group	sediments.	Its	extent	is	larger	than	that	of	either	the	Empress	Group	or	DU-1,	thus	in	some	 areas	 it	 also	 overlies	 bedrock	 between	 some	 valleys.	 The	 distribution	 of	 this	unit	can	thus	be	defined	by	two	broad	trends	surrounding	the	Battleford	and	Tyner	buried	 valley	 systems	 (Fig	 5.12).	 Although,	 as	 discussed	 in	 section	 5.2.1	 data	 is	lacking	 in	 the	northwest	of	 the	North	Battleford	Valley,	 it	 is	uncertain	 if	 the	unit	 is	present	in	this	area.	The	top	of	unit	SU-A	ranges	in	elevation	from	as	high	as	580	m	upon	 the	 Cypress	 Hills	 and	 is	 generally	 thick	 throughout	 the	 study	 area,	 ranging	between	10-30	m,	with	 the	 thickest	deposits	being	 in	 the	eastern	Tyner	Valley	and	the	southern	tributary	of	the	North	Battleford	Valley	(Fig	5.12).		
Differentiation	from	other	units	Due	 to	 the	 composition	 of	 SU-A	 being	 very	 similar	 to	 other	 stratified	 units,	stratigraphic	position	is	the	only	way	to	differentiate	them.	In	some	places	where	SU-A	is	inferred	to	directly	overlie	the	Empress	Group	differentiation	between	the	two	is	based	on	the	elevation	of	the	deposits.			




Figure	 5.12:	 Thickness	 of	 sand	 and	
gravel	(with	minor	silt	 and	clay	beds)	
comprising	SU-A.	Due	to	the	 irregular	
distribution	 of	 borehole	 data	 across	
the	 study	 area	 and	 the	 extrapolation	
of	 contour	 lines	 based	 on	 such	 points	















Unit	description	DU-2	and	3	are	very	similar	and	can	only	be	confidentially	differentiated	where	a	thin	layer	of	stratified	clay,	sand	and	gravel	(SU-B)	is	present,	and	in	the	vast	majority	of	cases	are	only	be	differentiated	based	on	slight	differences	 in	electric	 log	 response.	Both	units	are	very	dark	grey	(5Y	3/1)	when	unoxidised	and	commonly	olive	brown	(2.5Y	4/3)	when	oxidised.	Due	to	the	similarity	in	these	units	and	the	lack	of	SU-B	in	the	majority	of	boreholes	these	units	are	discussed	together.		
	
Thickness	and	distribution	The	 majority	 of	 DU-2	 is	 located	 within	 the	 Battleford	 and	 Tyner	 buried	 valley	systems.	The	unit	is	also	recorded	within	boreholes	on	the	upland	north	of	the	Tyner	Valley	 (Western	Hills	 Upland)	 and	 the	 upland	 north	 of	 the	 North	 Battleford	 Valley	(Turtlelake	Upland)	(Fig	5.14).	The	top	of	the	unit	ranges	in	elevation	from	745	m	in	the	Cypress	Hills	 to	451	m	in	the	Wainwright	Channel	and	449	m	in	the	east	Tyner	Valley.	 The	 thickest	 deposits	 of	 this	 unit	 occur	 within	 the	 North	 Battleford	 Valley,	where	 a	 localised	 thickening	 of	 the	 unit	 is	 present	 and	 as	 much	 as	 64	 m	 of	 DU-2	occurs	and	 is	overlain	by	2-18	m	of	SU-B	(Fig	5.14).	DU-3	 is	more	widespread	than	the	underlying	DU-2	and	 is	 only	 absent	 along	a	 thin	 strip	of	upland	 centred	on	 the	Western	Hills	(Fig	5.14).	The	unit	ranges	 in	elevation	between	743	m	to	456	m	and	reaches	a	thickness	of	69	m	in	the	upland	area	north	of	the	North	Battleford	Valley.	Here	the	combined	thickness	of	both	units	locally	exceeds	100	m.				

























































































































































































































Unit	description	This	unit	comprises	an	unoxidised	silty	clay,	stratified	layer	that	also	contains	small	amounts	of	coarse	sand	and	gravel.	Silt	and	clay	of	this	unit	are	dark	grey	to	olive	grey	(5Y	 4/1	 to	 5Y	 5/2).	 The	 sand	 ranges	 in	 texture	 from	 fine	 to	 coarse-grained	 and	 is	generally	well	sorted.			
Thickness	and	distribution	SU-C	covers	the	majority	of	the	SWSS	although	it	is	not	recognised	in	the	very	south	(south	 of	 the	 Tyner	 Valley)	 (Fig	 5.15).	 The	 units	 elevation	 decreases	 from	 745	 m	along	the	southern	edge	of	the	map	area	to	467	m	in	the	North	Battleford	Valley.	This	sequence	is	thickest	within	the	main	Tyner	Valley	and	its	northern	tributary,	where	it	can	reach	a	thickness	of	38	m	(Fig	5.15).		






Figure	 5.15:	 Thickness	 of	 silt	 and	
clay	 (small	 amounts	 of	 sand	 and	
gravelly	sand)	comprising	SU-C.	Due	
to	 the	 irregular	 distribution	 of	
borehole	data	across	the	study	area	
and	 the	 extrapolation	 of	 contour	
lines	 based	 on	 such	 points	 within	
rockworks,	 isopach	 contour	 lines	






Unit	description	DU-4	 is	 composed	 of	 dark	 grey	 (5Y	 4/1	 to	 5Y	 3/1)	 sandy-clay	 diamicton.	 In	many	boreholes	 silt	 and	clay	are	 found.	 In	places	 these	 silts	and	clays	are	embedded	 in	a	sandier	diamicton	 thus	bearing	much	 similarity	 to	 the	underlying	DU-3.	Within	 the	unit,	large	amounts	of	calcareous	material,	particularly	dolostone	in	the	sand	fraction	and	dolomite	 in	 the	 silt-clay	 fraction,	 are	 recorded.	 In	a	 small	number	of	boreholes	the	top	of	DU-4	is	recognised	by	the	occurrence	of	a	thin	layer	of	sand	and	gravel	(SU-D).		
Thickness	and	distribution	DU-4	extends	 in	a	 lobate	 form	southwestwards,	 terminating	~	110	km	south	of	 the	Lloydminster	 Channel	 and	 is	 generally	 thin	within	 this	 northeasterly	 region	 of	 the	SWSS,	particularly	within	the	Turtlelake	Upland,	where	it	is	commonly	between	4-15	m.	 The	unit	 thickens	within	 two	 regions.	 Firstly	 the	 thickness	 of	 the	 unit	 increases	within	the	North	Battleford	Valley	where	as	much	as	30	m	are	present.	Secondly,	this	unit	also	thickens	towards	its	southern	limit,	reaching	a	total	thickness	of	46	m	(Fig	5.16).	It	should	be	noted	that	the	location	of	this	limit	coincides	with	a	large	area	of	arcuate	overridden	ridges,	TR-3	(Map	Sheet	1).			
Differentiation	from	other	units	DU-4	 is	differentiated	 from	DU-5	based	on	 its	 substantially	more	clayey	nature	and	the	 common	 appearance	 of	 small	 amounts	 of	 silt	 and	 clay.	 Additionally	 DU-4	 is	differentiated	 from	 the	 underlying	 DU-3	 due	 to	 the	 considerably	 more	 calcareous	nature	and	the	coarse	sand	composition	of	this	unit	(Fig	5.17).		




Figure	 5.16:	 Thickness	 of	 sand	 and	 gravel	 comprising	 SU-D	 (left)	 and	 sandy-clay	 diamicton	
comprising	DU-4	(right).	Due	to	the	irregular	distribution	of	borehole	data	across	the	study	area	








borehole	 log	 (Borehole	 ID-
120)	 from	 the	 SWSS.	 Note	
the	 distinct	 change	 in	
electric	 log	 response	
between	 DU-4	 and	 3	
resulting	 from	 a	 change	




borehole	 log	 (Borehole	 ID-
120)	 from	 the	 SWSS.	 Note	
the	 distinct	 change	 in	
electric	 log	 response	
between	 DU-4	 and	 DU-3	
resulting	 from	 a	 change	





Unit	description	The	unit	covers	the	majority	of	the	SWSS	and	is	composed	mainly	of	sandy	diamicton,	the	 top	 of	 which	 is	 oxidised	 olive	 (5Y	 4/3)	 to	 olive	 brown	 (2.5Y	 4.5).	 Below	 this	oxidised	zone,	the	diamicton	is	dark	grey	(5Y	4/1	to	5Y	5/1).	Like	the	underlying	DU-4	 this	 unit	 is	 also	 rich	 in	 calcareous	material,	 particularly	 dolostone.	 Iron	 oxide	 or	manganese	oxide	staining	is	recorded.	In	several	boreholes,	boulders	are	recognised	at	the	unconformable	contact	between	DU-5	and	the	overlying	DU-6.	It	is	uncertain	at	this	stage	as	to	which	unit	such	boulder	concentrations	should	be	associated.			
Thickness	and	distribution	DU-5	 is	 widespread	 within	 the	 study	 area.	 It	 is	 considerably	 thicker	 than	 the	underlying	DU-4.	However,	like	DU-4,	it	shows	a	generalised	thickening	towards	the	southwest	although	it	is	also	thick	within	the	Battleford	Valley	system.	The	elevation	of	DU-5	ranges	from	as	high	as	799	m	within	Western	Hills	Upland	to	as	low	as	468	m	within	the	North	Battleford	Valley.	The	unit	 is	between	10-20	m	thick	over	much	of	the	northeast	and	thickens	to	20-30	m	within	the	southwest	(Fig	5.18).			
Differentiation	from	other	units		DU-5	 is	differentiated	 from	 the	overlying	DU-6	based	on	 its	 colour,	 structure,	 grain	size	and	resistivity.	The	top	of	DU-5	is	generally	more	olive	brown,	in	contrast	to	the	dark	 grey	 brown	 of	 DU-6.	 In	 almost	 all	 boreholes,	 DU-5	 has	 a	 distinctly	 higher	resistivity	 compared	 to	 the	 base	 of	 the	 overlying	 DU-6	 (Fig	 5.17).	 This	 probably	results	from	the	combined	effects	of	the	oxidised	zone	and	the	abundant	sand	at	the	top	of	DU-5.		




Unit	description	The	composition	of	SU-E	is	dominated	by	sand	and	in	two	locations	(the	eastern	part	of	the	North	Battleford	Valley	and	north	of	the	Western	Hills	Upland)	a	lower	layer	of	silt	 and	 clay	 is	 present	 (Fig	 5.17).	 Silt	 and	 clay	 that	 are	 recorded	 in	 this	 unit	 are	described	as	unoxidised.	In	contrast	the	sand	that	makes	up	the	majority	of	the	unit	is	
Figure	 5.18:	 Thickness	 of	 sandy	 diamicton	
comprising	 DU-5.	 Due	 to	 the	 irregular	







dark	grey	(5Y	4/1	to	5Y	5/1).	It	is	also	generally	fine	to	medium-grained,	well	sorted	and	 commonly	 free	 of	 clasts.	 While	 the	 composition	 of	 sand	 in	 this	 unit	 was	 not	examined,	 drillers’	 logs	 indicate	 it	 is	 mainly	 quartz,	 but	 may	 also	 contain	 small	amounts	of	igneous,	metamorphic	and	locally	derived	rock.			
Thickness	and	distribution	Figure	 5.19	 shows	 that	 SU-E	 forms	 a	 discontinuous	 layer	 across	 DU-4	 and	 5	 in	lowland	regions	of	the	study	area,	with	thick	parts	of	the	unit	infilling	depressions	on	the	 surface	 of	 DU-4	 and	 5,	 especially	 in	 the	 Tyner	 and	 Battleford	 buried	 valley	systems.	The	upper	surface	of	the	unit	varies	in	elevation	from	779	m	in	the	Cypress	Hills	to	494	m	in	the	North	Battleford	Valley.		
Differentiation	from	other	units	Like	many	of	the	stratified	units	in	this	study,	SU-E	displays	no	distinct	lithologic	or	compositional	properties	that	differentiate	it	from	other	stratified	units.	Thus	SU-E	is	differentiated	and	correlated	mainly	by	stratigraphic	position.	It	should	also	be	noted	that	sediment	in	this	layer	might	also	be	the	stratigraphically	lower	SU-C.	As	stated	in	section	5.2.5,	 in	cases	where	not	all	diamicton	units	are	present	and	stratified	units	are	 not	 easily	 identifiable,	 in	 order	 to	 be	 consistent	 when	 identifying	 units,	 it	 is	assumed	 that	 all	 clay,	 silt,	 sand	 and	 gravel	 deposits	 that	 overlie	 DU-3	 and	 that	 are	overlain	 by	 DU-5/6	 are	 the	 stratigraphically	 higher	 SU-D	 and	 E.	 It	 is	 therefore	possible	that	in	the	south	of	the	study	area	some	of	the	sediment	included	in	SU-D/E	is	actually	SU-C.		




Figure	 5.19:	 Thickness	 of	 stratified	
sand	 and	 silt	 (with	 lesser	 amounts	 of	
clay	and	gravel)	comprising	SU-E.	Due	
to	 the	 irregular	 distribution	 of	
borehole	 data	 across	 the	 study	 area	
and	 the	 extrapolation	of	contour	 lines	
based	 on	 such	 points	 within	
rockworks,	 isopach	 contour	 lines	










ID-109)	 from	 the	 SWSS.	
Note	 the	 occurrence	 of	





Thickness	and	distribution	DU-6	extends	across	the	majority	of	the	study	area.	Averaging	25	m	thick	(range	30-3	m)	over	large	parts	of	the	SWSS,	it	is	one	of	the	thickest	stratigraphic	units	(Fig	5.21).	The	unit	thins	along	the	central	strip	of	the	study	area	in	correspondence	with	many	areas	of	streamlined	glacial	landforms.	The	unit	also	displays	a	generalised	thickening	towards	 the	 south	 of	 the	 study	 area,	 reaching	 thicknesses	 of	 20-30	 m	 (Fig	 5.21).	Additionally	 the	 unit	 also	 thickens	 within	 the	 Battleford	 and	 Tyner	 buried	 valley	systems	and	thins	immediately	south	of	the	North	Battleford	Valley.		
Differentiation	from	other	units	DU-6	is	differentiated	from	the	overlying	DU-7	based	on:	1.	stratigraphic	position;		2.	the	considerably	more	sandy	and	lighter	brown	coloured	nature	of	DU-6;	and	3.	the	fact	 that	 glacially	 streamlined	 landforms	 on	 the	 surface	 of	 DU-7	 have	 a	 northwest-southeast	orientation	in	contrast	to	the	north-south	features	on	the	surface	of	DU-6.	In	many	places	DU-6	was	difficult	 to	differentiate	 from	DU-5/4	because	 these	units	are	sandy	and	display	similar	colours.	However	DU-6	contains	few	clasts	and	drillers’	logs	 record	 a	 lower	 carbonate	 content.	 It	 should	be	noted	 that	 in	 some	 cores	DU-6	shows	much	similarity	 to	 the	 lower	DU-4	and	5.	 	 In	 these	cases	borehole	 logs	were	compared	using	3D	views	in	Rockworks	to	the	surrounding	boreholes	to	enable	the	most	likely	interpretation,	however	it	is	possible	that	in	a	small	number	of	cases	the	diamicton	making	up	DU-6	also	contains	DU-4	and	5.		












Unit	description	This	 unit	 is	 composed	 of	 clayey	 diamicton	 and	 in	 some	 cores	 contains	 glacially	displaced	older	sediment.	The	unit	is	oxidised	dark	grey	brown	(2.5Y	4/2	to	2.5Y	5/2)	in	 the	 upper	 part	 but	 becomes	 very	 dark	 grey	 (2.5Y	 3/1)	 with	 depth	 (Fig	 5.17).	Glacially	streamlined	landforms	on	the	surface	of	the	unit	are	well	defined	and	have	a	northwest-southeast	orientation	(Map	Sheet	1).			
Thickness	and	distribution	DU-7	is	restricted	in	distribution	to	three	west-east	strips	that	dissect	the	study	area	(Fig	5.22).	The	boundary	of	 this	unit	 is	not	easily	defined	mainly	due	 to	 the	 lack	of	sufficient	boreholes	 is	 the	northwest	and	southeast.	The	surface	 topography	 is	 thus	most	useful	for	establishing	the	units’	boundaries	and	is	defined	by	the	boundary	of	streamlined	landforms	and	in	some	areas	lateral	ridges.	The	top	of	the	unit	ranges	in	elevation	from	as	high	as	782	m	within	the	central	corridor	to	as	low	as	467	m.	DU-7	is	thickest	within	the	North	Battleford	Valley	(20	m).	The	thinnest	sediments	(<1	m)	of	the	unit	are	found	along	the	northern	margin	of	the	central	west-east	strip	where	the	unit	exhibits	a	discontinuous	layer	(Fig	5.22).		
Differentiation	from	other	units	As	discussed	in	section	5.2.9,	DU-7	is	differentiated	from	the	underlying	DU-6	based	on:	 1.	 stratigraphic	 position;	 2.	 the	 considerably	 less	 sandy	 and	 darker	 brown	coloured	nature	of	DU-7;	and	3.	 the	fact	that	glacially	streamlined	landforms	on	the	surface	of	DU-7	have	a	northwest-southeast	orientation	in	contrast	to	the	north-south	features	on	the	surface	of	DU-6.	
	














































    















































































































































































































































































Description	and	distribution	of	unit	Surficial	stratified	deposit	is	the	term	designated	for	all	sediments	situated	above	the	uppermost	 diamicton	 and	 the	 land-surface.	 Occurring	 in	 the	majority	 of	 boreholes,	this	unit	is	made	up	of	sand,	silt	and	clay.	The	unit	ranges	in	thickness	from	<1	m-100	m,	however	on	average	it	exhibits	a	thickness	of	~2-10	m	(Fig	5.23).	SSD’s	commonly	become	finer	grained	with	depth	and	display	a	gradational	and	conformable	contact	with	DU-6/7	(5.6).																												
Figure	 5.23:	 Thickness	 of	 silt,	 sand	 and	
clay	comprising	SSD.	Due	to	the	 irregular	
distribution	 of	 borehole	 data	 across	 the	
study	 area	 and,	 the	 extrapolation	 of	
contour	 lines	based	on	such	points	within	
rockworks,	 isopach	 contour	 lines	 should	





5.3	Summary	Large	 scale	 geomorphological	 mapping	 has	 allowed	 the	 identification	 of	 a	 large	corridor	 of	 streamlining	 cross	 cut	 by	 3	 smaller	 corridors	 of	 highly	 attenuated	bedforms.	 Within	 each	 of	 these	 corridors	 a	 variety	 of	 transverse	 ridges,	 sinuous	ridges	and	channels	are	identified.	Stratigraphic	modelling	reveals	the	occurrence	of	7	 diamicton	 units	 separated	 and	 underlain	 by	 10	 stratified	 units.	 	 Within	 the	following	 chapter	 the	 components	 of	 this	 landscape	 are	 analysed,	 before	 their	significance	is	discussed	in	Chapter	7.		
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6.	Interpretation	of	Landforms	and	Sediments		The	subglacial	landscape	and	the	surface	geomorphology	of	the	SWSS	are	consistent	with	 a	 sediment-landform	model	 that	 involves	 the	 evolution	 of	multiple	 ice	 stream	systems.	These	assemblages	are	now	further	analysed	in	the	following	sub-sections	to	provide	 insight	 into	 palaeo-ice	 stream	 characteristics	 and	 to	 reconstruct	 the	evolution	of	these	systems	in	the	context	of	the	Late	Wisconsinan	deglaciation.	
	



















1.	Characteristic	shape	and	dimensions	 YES	 YES	 YES	 YES	
2.	Convergent	flow	patterns	 YES	 YES	 YES	 Unknown	
3.	Highly	attenuated	bedforms	 YES	 YES	 YES	 YES	
4.	Boothia-type	erratic	dispersal	trains	 Unknown	 Unknown	 Unknown	 Unknown	
5.	Abrupt	lateral	margins	 YES	 YES	 YES	 YES	
6.	Lateral	shear	margins	 YES	 YES	 YES	 YES	
7.	Evidence	of	pervasively	deformed	till	 YES	 YES	 YES	 YES	





					 						 	 						 					
Figure	 6.1:	 	 SRTM-90	 DEM	 showing	
the	locations	of	smoothed	cross	cutting	
corridors.	 White	 dashed	 line	
demarcates	Ice	Stream	1;	white	dashed	
line	demarcate	flow	path	of	Ice	Stream	





Figure	 6.2:	 	 Extract	of	 geomorphic	mapping	 (see	Map	Sheet	1	 for	 full	map)	and	SRTM	 imagery	of	 the	
change	in	‘smoothness’	from	a	smoothed	corridor	of	lineations	representative	of	fast	ice	flow	to	a	region	
of	hummocky	terrain	associated	with	slow	moving	or	stagnant	ice.		In	three	zones	of	the	study	area	the	north-south	flow	path	of	Ice	Stream	1	is	crosscut	at	 90°	 by	 the	 topographically	 confined	 Ice	 Stream	2.	 The	 reconstruction	 of	 this	 ice	stream	 is	made	based	on	 the	 recognition	of	 three	major	 flow-sets,	 2A,	B	 and	C.	 Ice	Stream	 2A	 records	 southeastward	 streaming	 confined	 within	 the	 buried	 North	Battleford	Valley	as	defined	by	a	concentration	of	8-17	km	long	MSGLs	aligned	down	the	valley’s	long	axis.	Flutings	within	Corridor	2A	have	been	previously	discussed	by	Gravenor	and	Meneley	(1958)	and	again	by	Grant	(1997)	who	referred	to	the	area	as	the	 ‘North	 Battleford	 Fluting	 Field’.	 However	 the	 density	 of	MSGLs	 they	 identify	 in	both	 of	 these	 studies	 is	 significantly	 less	 than	 identified	 here	 (Fig	 6.4).	 This	discrepancy	is	attributed	to	the	lack	of	high	resolution	imagery	and	local	scale	of	both	of	these	studies.	The	flow	path	of	this	ice	stream	was	up	to	40	km	wide	and	at	least	180	km	long,	although	this	is	a	minimum	estimate	based	on	the	distribution	of	MSGLs	along	 the	 valley,	 it	 is	 possible	 that	 Ice	 Stream	 2	 extended	 much	 farther	 to	 the	northwest.	Evidence	for	this	is	proposed	by	Andriashek	and	Fenton	(1989)	and	Evans	et	al.	(1999)	who	map	lineations	(Lac	La	Biche	Lobe)	in	the	bordering	Sand	River	area	73L	of	Alberta	(54	°	to	55	°,	110	°	to	112	°),	showing	a	correlation	with	Ice	Stream	2	(Fig	6.5).	 Ice	 Stream	2B	also	 records	 southeastward	 flow.	This	 area	of	 streaming	 is	also	topographically	confined	(Map	Sheet	1:	cross	section	A-A’)	shown	by	the	50	km	wide	 zone	 of	 MSGLs	 bordered	 by	 fragmented	 lateral	 moraines.	 The	 MSGLs	 in	 this	corridor	 are	 superimposed	 by	 several	 moraine	 lobes,	 and	 ice	 thrust	 ridge	concentrations	(mentioned	but	not	discussed	by	Evans	et	al.	(2016)).	
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from:	Grant	(1997).		Ice	Stream	1	is	further	crosscut	towards	its	southern	end	by	Ice	Stream	2C	(Fig	6.6).	Previous	research	which	solely	used	SRTM	imagery	(Ross	et	al.,	2009;	Ó	Cofaigh	et	al.,	2010)	has	not	identified	this	50	km	wide	area	of	MSGLs,	although	earlier	mapping	by	Campbell	 (1986a,	 b,	 1987a,	 b)	 does	 identify	 linear	 drumlinoid	 features	 within	 the	same	 region.	 Mapping	 in	 this	 study	 shows	 this	 ice	 stream	 displays	 fewer	 MSGLs,	especially	 in	the	centre	of	 its	 flow	path	when	compared	to	Ice	Streams	2A	and	B.	In	this	 central	 region	 a	 large	 area	 of	 sand	 dunes	 now	 exists.	 Thus	 it	 is	 possible	 that	MSGLs	were	formed,	but	have	been	superimposed	and/or	altered	by	sand	deposition.					
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Fenton	 (1989).	Note	 the	 clear	extension	of	 lineation	mapping	 in	 the	Sand	River	area	 to	 the	 corridor	of	





6.1.2		Transverse	Ridges	(Types	1-4)	6.1.2.1	Transverse	Ridge:	Type	1	(moraine	ridges)	This	study	reaffirms	previous	interpretations		(Campbell	1986a,	b,	1987a,	b;	Ross	et	al.,	2009;	Ó	Cofaigh	et	al.,	2010)	of	multiple,	densely	spaced	arcuate	ridges	of	only	a	few	meters	relief	occurring	over	large	areas	in	the	southernmost	part	of	Ice	Stream	1.	Ridges	 form	 broad	 arc	 shapes,	 typical	 of	 modern	 push	 moraines	 (Price,	 1970;	Mathews	et	al.,	1979;	Evans	and	Twigg,	2002;	Evans,	2003).	These	moraines	define	the	lobate	pattern	of	the	terminus	zone	of	Ice	Stream	1.	A	small	group	of	transverse	moraine	 ridges,	 referred	 to	 as	 the	Handel	Moraine	 by	 Evans	 et	 al.	 (2016),	 are	 also	mapped	(see	Map	Sheet	1	for	location).	These	features	occur	in	close	proximity	with	CSRs	and	 likely	 formed	during	a	 late	 stage	of	 streaming	activity	 in	association	with	the	 formation	 of	 CSRs.	 Other	 ice	 marginal	 features	 are	 present	 throughout	 the	streamlined	corridors	including	several	well	preserved	lobate	moraines	north	of	Ice	Stream	2B.	These	moraines	were	likely	formed	by	a	small,	thin	ice	lobe,	an	assertion	made	based	on	the	 fact	 that	 these	moraines	 follow	the	contours	of	 the	slope	 in	 this	region.	This	indicates	that	the	landform	record	within	the	SWSS	not	only	consists	of	elongated	ridges	that	can	be	traced	over	long	distances,	but	also	that	this	subglacial	landscape	is	overprinted	locally	by	younger	ice	recessional	or	ice	readvance	features.			Smaller	 minor	 TR-1	 also	 occur	 within	 Ice	 Streams	 2A,	 B	 and	 C.	 These	 moraines	collectively	form	small	lobate	arcs	in	several	places.	However	due	to	their	occurrence	close	to	multiple	thrust	block	moraines	and	their	orientation	transverse	to	lineations	in	these	corridors,	 they	are	 interpreted	as	(in	combination	with	other	characteristic	landforms)	indicative	of	a	surge	signature	produced	by	ice	flowing	into	Saskatchewan	from	the	northwest	(Fig	6.7).			Along	Ice	Stream	2B	and	along	the	trunk	zone	of	Ice	Stream	1	the	lateral	margins	are	marked	sharply	by	lateral	moraines	that	extend	discontinuously	for	distances	of	>60	km	 (Ice	 Stream	 1)	 and	 >30	 km	 (Ice	 Stream	 2B).	 In	 profile	 the	 moraines	 usually	comprise	 a	 single	 asymmetric	 ridge	 a	 few	 kilometres	 wide	 and	 20-30	m	 in	 height	above	 the	 adjacent	 ice	 stream	 bed.	 These	 features	 are	 analogous	 to	 shear	 margin	moraines	 formed	 in	 the	 shear	 zone	 between	 the	 rapidly	 moving	 ice	 stream	 and	
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adjacent	 slower	 moving	 or	 stagnant	 ice	 (Raymond	 et	 al.,	 2001;	 Stokes	 and	 Clark,	2002b;	Hindmarsh	and	Stokes,	2008).		6.1.2.2	Transverse	Ridge:	Type	2	(geometric	ridge	networks)	Geomorphological	mapping	identified	two	types	of	TR-2.	A	large	assemblage	of	TR-2	are	 identified	 in	 the	bed	of	 Ice	Stream	1	and	a	much	smaller	concentration	of	small	scale	 TR-2	 are	 also	 identified	 on	 the	 bed	 of	 Ice	 Streams	 2A	 and	 B.	 The	 large	assemblage	in	Ice	Stream	1	overprints	the	MSGLs	in	the	trunk	zone	(Map	Sheet	1)	and	consists	of	>70	ridges	with	a	prominent	WNW-ESE	alignment.	These	geometric	ridge	networks	were	 first	 identified	by	Campbell	 (1987a,	 b)	 on	 surficial	 geology	maps	of	North	 Battleford	 (73C)	 and	 St	 Walburg	 (73F)	 and	 were	 variously	 classified	 as	‘crevasse	fillings’	and	‘minor	ridged	moraines’.	More	recently	these	features	have	also	been	 discussed	 by	 Evans	 et	 al.	 (2016),	 who	 interpreted	 them	 as	 crevasse-squeeze	ridges	 (CSRs).	 Based	 on	 the	 diamictic	 composition	 of	 these	 ridges,	which	 indicates	they	were	created	by	subglacial	till	injection	into	basal	and/or	full	depth	crevasses,	a	CSR	origin	is	supported	here.	It	is	clear	based	on	the	preservation	of	landforms	that	the	development	of	these	ridges	took	place	during	internal	flow	unit	reorganisation,	immediately	 prior	 to	 ice	 stream	 shutdown.	 The	 prominent	 WNW-ESE	 alignment	(with	 a	 subordinate	 WSW-ENE	 alignment)	 likely	 reflects	 fracture	 development	transverse	to	former	ice	flow,	which	would	have	been	predominantly	NNE-SSW	based	upon	MSGL	 alignment.	 Due	 to	 the	 narrow	 corridor	 and	 non-arcuate	 appearance	 of	these	 features,	 a	 traditional	 interpretation	 of	 CSR	 production	 related	 to	 fracturing	within	glacier	surge	lobes	(see	below)	is	not	valid.	Thus	Evans	et	al.	(2016)	proposed	a	mechanism	whereby	 CSR	 corridors	 relate	 to	 lateral	 shear	 zones	 formed	 between	flow	units	within	ice	streams	not	characterised	by	surging.			The	second	sub-type	of	TR-2	are	also	 interpreted	as	CSRs	and	are	 located	along	the	trunk	 of	 Ice	 Streams	 2A	 and	 B.	 These	 CSRs	 are	 orientated	 NNE-SSW	 and	 are	interpreted	 to	be	representative	of	 fracturing	and	 injection	of	 till	 into	crevassed	 ice	formed	 by	 surging	 activity	 of	 Ice	 streams	 2A	 and	 B	 (Sharp,	 1985;	 Evans	 and	 Rea,	1999;	2003;	Evans	et	al.,	2007).	The	juxtaposition	of	CSRs	with	lineations,	several	hill-hole	pairs	and	thrust	block	moraines	are	also	interpreted	as	evidence	for	ice	stream	surging.	 The	 suite	 of	 landforms	 is	 thus	 directly	 compatible	 with	 the	 landforms	 of	
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6.1.2.4	Transverse	Ridge:	Type	4	(overridden	ridge	complexes)	Within	 the	 northern	 end	 of	 the	 study	 area	 several	 overridden	 transverse	 ridge	complexes	exist.	These	 features	 form	a	broadly	arcuate	 lobate	shape	that	correlates	to	 the	 terminus	 and	 thickening	 of	 DU-4	 (see	 Section	 6.2.6).	 Thus	 based	 on	 the	thickening	 of	 this	 stratigraphic	 unit,	 these	 features	 are	 interpreted	 as	 ice	marginal	moraines	 constructed	 in	 association	with	 subglacial	 till	 thickening	 during	 ice	 sheet	advance.			6.1.3	Inter-corridor	and	hummocky	terrain	Hummocky	 terrain	 is	 the	most	 common	 landform	within	marginal	 zones	outside	of	the	 flow	paths	of	 Ice	 Streams	1,	 2A,	B	 and	C.	Based	on	 the	 resolution	of	 SRTM	and	Landsat	ETM+	imagery,	these	landforms	can	only	be	mapped	at	small	scales	and	thus	appear	to	be	chaotic	and	demonstrate	little	to	no	linearity.	The	abrupt	transition	from	smoothed	 topography	 to	 hummocky	 terrain	 along	 the	 margins	 of	 Ice	 Stream	 1	 is	interpreted	as	a	 change	 in	 subglacial	 regime	and	hence	used	 to	demarcate	 the	 flow	path	of	the	ice	stream	(Dyke	and	Morris,	1988;	Patterson,	1998;	Evans	et	al.,	2008;	Ó	Cofaigh	 et	 al.,	 2010).	 Furthermore	 previous	work	 in	 Saskatchewan	 (Klassen,	 1989;	Kulig	1996;	Cummings	et	al.,	2012)	and	eastern	Alberta	(Gravenor	and	Kupsch,	1959;	Stalker,	 1960;	 Bik,	 1969)	 identified	 a	 significant	 proportion	 of	 these	 features	 are	composed	 of	 till.	 A	 supraglacial	 origin	 for	 these	 hummocks	 can	 be	 supported	 by	 a	simple	form	analogy	(Clayton,	1967;	Boulton,	1972;	Patterson,	1997;	1998;	Jennings,	2006),	 however	 it	 should	 be	 noted	 Eyles	 et	 al.	 (1999)	 have	 proposed	 a	 subglacial	origin	by	elaborating	on	Stalkers	(1960)	concept	of	ice	pressing.	In	this	region	some	subglacial	 pressing	 against	 ice	 stream	margins	 due	 to	 heavily	 saturated	 sediments	would	 have	 been	 probable	 (Klassen,	 1989).	 	 It	 is	 therefore	 likely	 that	 hummocky	terrain	 in	 the	 SWSS	 is	 a	 polygenetic	 landform	 of	 both	 supraglacial	 and	 subglacial	origin.		6.1.4	Sinuous	ridges	(eskers)	Individual	 eskers	 and	 esker	 networks	 have	 been	 identified	 by	 Campbell	 (1986a,	 b,	1987a,	b)	and	by	Ó	Cofaigh	et	al.	 (2010).	As	previously	mentioned,	only	 the	 largest	esker	 forms	 were	 identifiable.	 North-south	 orientated,	 relatively	 linear,	 straight	limbed	 eskers	 occur	 on	 the	 bed	 of	 Ice	 Stream	 1.	 These	 features	 are	 interpreted	 as	
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being	associated	with	the	drainage	of	this	ice	stream,	with	the	Glidden	Esker	Network	along	Ice	Stream	1	documenting	that	subglacial	water	was	concentrated	at	this	point	(Evans	 et	 al.,	 2008).	 Similarly,	 the	 concentration	 of	 eskers	 in	 the	 Great	 Sand	 Hills	Lowland	also	suggests	that	subglacial	water	was	concentrated	in	this	area	(Map	Sheet	1).	However	due	 to	 the	orientation	of	 these	 features	being	NNE-SSW	 it	 is	proposed	that	 they	 formed	 in	 association	 with	 NNW-SSE	 flowing	 Ice	 Streams	 2A,	 B	 and	 C.	Where	 eskers	 cross	 cut	MSGLs	 (Map	 Sheet	 1)	 they	 are	 interpreted	 to	 have	 formed	after	 lineation	 production	 most	 likely	 during	 ice	 marginal	 recession	 (Stokes	 and	Clark,	2003b;	Stokes	et	al.,	2008).			6.1.5	Abandoned	channels	(ice-marginal	meltwater	channels	and	spillways)	Meltwater	channels	are	extensive	across	the	study	area,	forming	continuous	chains	of	channels	 and	water	 filled	 depressions,	 often	 in	 close	 association	with	 esker	 ridges.	Within	the	flow	path	of	Ice	Stream	1	channels	are	often	north-south	orientated,	such	as	 Tramping	 Lake	 (see	 Map	 Sheet	 1	 for	 location)	 indicating	 that	 they	 formed	subglacially	in	association	with	Ice	Stream	1.	In	contrast	to	these	features,	meltwater	within	 Ice	Streams	2A,	B	and	C	are	often	more	continuous	and	occur	 in	association	with	large	hill-hole	pairs.	In	addition	to	channels	associated	with	ice	stream	activity	in	Ice	Streams	1,	2A,	B	and	C,	it	is	also	worth	mentioning	the	channel	networks	within	hummocky	 terrain.	Their	overall	 shape	 resembles	 that	of	 fluvial	drainage	networks	rather	than	those	created	under	subglacial	hydraulic	gradients.	The	corollary	is	that	they	formed	as	ice	stagnated	and	down	wasted	in	this	area	of	hummocky	terrain.		
6.2.	Stratigraphic	interpretations	6.2.1.	Origin	of	the	Empress	Group	Situated	within	 the	 floors	of	major	preglacial	valleys	within	 the	SWSS,	unit	1	of	 the	Empress	Group	is	interpreted	to	be	fluvial	sediment	sourced	from	rivers	flowing	from	the	 Cordillera	 that	 cut	 northeast	 across	 Alberta	 before	 entering	 the	 study	 area	(Stalker,	1968).	This	interpretation	is	supported	by	the	presence	of	clasts	primarily	of	chert	 and	quartzite,	 indicative	of	 this	 source	 (Cummings	et	 al.,	 2012).	Unlike	 larger	clasts,	sand	of	EMP-1	probably	had	multiple	sources	and	is	equally	likely	to	have	been	sourced	 in	 the	 same	 way	 as	 gravels	 (from	 the	 Cordillera)	 or	 from	 the	 underlying	bedrock	within	these	valleys.	
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Based	 on	 previous	 work	 within	 southwestern	 Saskatchewan	 (Stalker,	 1968)	 and	eastern	 Alberta	 (Andriashek	 and	 Fenton,	 1989)	 the	 silt	 and	 clay	 of	 EMP-2	 are	hypothesised	to	be	the	product	of	one	of	two	mechanisms:	1.	sediments	deposited	by	rivers	in	preglacial	valleys	or;	2.	sediments	deposited	in	lakes	formed	by	the	blockage	of	these	valleys	by	glacial	ice.	While	evidence	that	directly	supports	only	one	of	these	hypothesises	 is	minimal,	 silt	 and	 clay	 are	 described	 as	 laminated	 to	 finely	 bedded,	thus	 a	 lacustrine	 origin	 is	 tentatively	 favoured.	 Additionally	 within	 the	 eastern	section	of	the	North	Battleford	Valley,	EMP-2	is	deposited	as	a	thick	deposit	covering	a	vast	area	(55	km2),	supporting	the	idea	of	an	extensive	glacial	lake	that	flooded	the	entire	 valley.	 Conversely	 within	 the	 Tyner	 Valley,	 EMP-2	 is	 more	 sporadic	 in	appearance.	 This	 sporadic	 appearance	 may	 be	 a	 result	 of	 erosion	 by	 the	 glacier	responsible	for	the	deposition	of	the	DU-1,	a	process	that	has	been	attributed	to	the	sporadic	appearance	of	 this	unit	 in	 the	Sand	River	area	73L	of	Alberta	 (Andriashek	and	Fenton,	1989)	and	the	lower	Red	Deer	River	(Evans	and	Campbell,	1995)	areas	of	eastern	Alberta.	EMP-3	is	proposed	to	be	of	glaciofluvial	origin.	This	interpretation	is	made	 based	 on	 the	 presence	 of	 granitic	 clasts,	which	 indicates	 they	 have	 travelled	from	 the	 Canadian	 Shield.	 A	 fluvial	 rather	 than	 lacustrine	 origin	 is	 favoured	 as	 the	sediment	is	restricted	to	the	valley	floors	(Evans	and	Campbell,	1995).			6.2.2	Origin	of	Diamicton	Unit	1	DU-1	is	interpreted	to	be	till	deposited	during	the	earliest	recorded	glaciation	of	the	region.	However	as	noted	by	previous	studies	in	the	prairies	(Andriashek	and	Fenton,	1989;	Christiansen,	1968b),	because	this	basal	till	unit	is	found	at	or	near	the	base	of	major	buried	valleys,	some	of	the	unit	may	include	diamicton	derived	from	sediment	slumping	 from	 the	 valley	 walls.	 Local	 differences	 in	 the	 grain	 size	 of	 the	 unit	 are	evident.	Glacial	 erosion	 and	 incorporation	of	 the	underlying	 sand	 and	gravel	 of	 the	Empress	 Group	 is	 one	 explanation	 for	 the	 variance	 in	 grain	 size	 (Andriashek	 and	Fenton,	1989).		Within	 the	 central	Tyner	Valley,	DU-1	also	 contains	discrete	 interbedded	masses	of	clay,	 silt	and	sand.	This	suggests	 that	 the	underlying	bedrock	was	eroded	and	 large	amounts	were	also	 incorporated	into	DU-1.	Other	evidence	for	bedrock	erosion	and	incorporation	are	seen	in	driller	 log	descriptions	where	DU-1	is	reported	to	contain		
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‘ice	 rafted	 shales’	 and	 ‘claystone’.	 Chrisitansen	 (1968)	 also	 noted	 an	 abundance	 of	clay,	 sand	and	shale	 in	 the	clast	 fraction	of	 the	 lowermost	 till	within	Saskatchewan,	and	he	also	attributed	this	enrichment	to	the	erosion	and	incorporation	of	material	by	an	 early	 glaciation	 in	 the	 area.	 Additionally,	 the	 absence	 of	 DU-1	 in	 the	 northern	tributary	 of	 the	 Tyner	 Valley	 could	 be	 the	 result	 of	 fluvial	 erosion	 that	 occurred	during	 the	 retreat	 of	 the	 ice	 margin	 responsible	 for	 depositing	 DU-1.	 Glacial	meltwater	could	have	eroded	this	till	and	deposited	thick	sand	and	gravel.		6.2.3	Origin	of	Stratified	Unit	A	The	composition	of	this	unit	suggests	that	its	origin	varied	both	spatially	throughout	the	study	area	and	temporally	resulting	in	distinct	layers	of	clays,	sands	and	gravels.	The	thick,	often	clayey	deposits	of	this	unit	that	lie	at	the	base	of	multiple	boreholes	are	 interpreted	 as	 glaciolacustrine	 in	 origin.	 In	 locations	where	 these	 deposits	 are	interbedded	 with	 sand	 and	 gravel,	 they	 are	 interpreted	 as	 having	 a	 glaciofluvial	origin.	Furthermore	a	glaciofluvial	origin	is	also	inferred	for	the	thick	deposits	of	sand	and	 gravel	 that	 make	 up	 the	 rest	 of	 this	 unit.	 Such	 a	 conclusion	 is	 based	 on	 the	location	of	this	material	being	restricted	to	buried	valleys	and	channels.			It	 is	not	known	whether	 this	unit	was	deposited	 in	association	with	 the	underlying	DU-1	or	the	overlying	DU-2.	Due	to	the	high	level	of	preservation	of	DU-1,	it	is	likely	that	at	 least	 some	of	SU-A	was	deposited	 immediately	after	DU-1	and	 thus	acted	 to	protect	it	from	erosion	during	the	following	non-glacial	period.		6.2.4	Origin	of	Diamicton	Unit	2	and	3		DU-2	and	3	are	 interpreted	as	tills	deposited	during	an	early	glaciation	of	the	study	area.	Due	to	the	compositional	similarity	of	these	units	and	the	lack	of	a	substantial	thickness	 of	 SU-B,	 it	 is	 inferred	 that	 they	 were	 deposited	 during	 the	 same	 glacial	period.	 It	 is	not	known	whether	 these	 till	units	 represent	 separate	glacial	 advances	rather	than	a	glacial	readvance	in	relation	to	DU-1.	However,	based	on	the	thickness	of	 SU-A	 it	 is	proposed	a	 significant	 ice-free	period	 likely	 followed	 the	deposition	of	DU-1,	and	it	is	thus	reasonable	to	hypothesise	that	DU-2	and	3	were	produced	during	a	later	glacial	period.	It	is	unknown	if	DU-2	and	3	were	deposited	by	two	separate	ice	advances	or	whether	they	are	the	product	of	compositional	differences	resulting	from	
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6.2.6	Origin	of	Diamicton	Unit	4	and	5	DU-4	 and	 5	 are	 interpreted	 as	 tills	 deposited	 in	 quick	 succession	 during	 the	 same	glaciation.	 Evidence	 to	 support	 this	 is	 the	 lack	 of	 substantial	 intertill	 deposits	separating	 the	 two	units.	These	 tills	are	 interpreted	as	either	glacial	advance	or	re-advance	tills	deposited	within	the	third	recorded	glaciation.			The	 arcuate	 wedge	 of	 DU-4	 (and	 SU-C)	 in	 the	 central	 and	 south	 of	 the	 study	 area	indicates	an	ice	margin	formed	in	this	region	of	the	SWSS.	This	proposal	is	supported	by	 several	 pieces	 of	 evidence.	 Firstly,	 the	 thickening	 of	 the	 DU-4	 in	 this	 area	 is	consistent	 with	 models	 of	 glacial	 sub-marginal	 till	 thickening	 (Boulton,	 1996a,b).	Secondly,	a	series	of	overridden	ridges	are	also	present	 (Fig	6.8)	 that	coincide	with	recorded	 terminus	 thickening.	 These	 features	 are	 plausibly	 terminal	 moraines	deposited	 and	 overridden	 by	 later	 glaciations.	 Finally,	 thick	 sequences	 of	 silt,	 clay,	sand	and	gravel	in	SU-C,	which	are	present	south	of	these	overridden	ridges	and	till	extent,	exhibit	much	similarity	to	features	deposited	in	a	kame	terrace	formed	along	ice	fronts	in	contemporary	glacial	settings	(e.g.	Bennett	et	al.,	2000;	Livingstone	et	al.,	2010)	and	also	to	sediments	interpreted	as	kame	terrace	deposits	associated	with	an	overridden	ice	margin	in	the	Sand	River	area	73L	of	Alberta	(Andriashek	and	Fenton,	1989).			Like	 DU-4	 this	 unit	 also	 shows	 a	 thickening	 in	 a	 southwesterly	 direction,	 further	supporting	 the	 idea	 that	 these	 till	 units	were	 deposited	 by	 ice	 flowing	 in	 the	 same	direction	 during	 a	 single	 glacial	 period.	 However	 DU-5	 in	 contrast	 to	 DU-4	 is	recognised	 within	 the	 southwest	 of	 the	 study	 area.	 Consequently	 both	 tills	 likely	record	 flow	from	the	northwest	 to	southwest.	 In	some	areas	a	 thin	sand	and	gravel	intertill	deposit	 (SU-D)	 is	recorded;	due	to	 the	 limited	spatial	extent	of	 this	deposit,	and	 the	 fact	 that	 it	 is	 restricted	 to	 areas	 where	 DU-4	 is	 recorded,	 this	 unit	 is	interpreted	 as	 a	 glaciofluvial	 deposit	 formed	 in	 association	with	 ice	 that	 deposited	DU-4.	 Furthermore	 in	 addition	 to	 this	 significant	 southwesterly	 thickening	 in	DU-5,	the	 unit	 also	 thickens	 locally	within	 the	 Battleford	 buried	 valley	 system	 (and	 thins	immediately	south	of	the	system).	This	localised	thickening	suggests	that	pre-existing	topography	and	valley	sediment	fills	may	act	as	a	control	to	the	subglacial	generation	of	sediment.	
Chapter	6:	Interpretation	of	Landforms	and	Sediments		
	 119	

































































































































































































































































Figure	 6.10:	 2D	 isopach	 map	 and	 transect	 through	 the	 SWSS	 showing	 the	 thickness	 of	
diamicton	 comprising	 DU-6.	 	 Dashed	 lines	 demarcate	 flow	 paths	 of	 ice	 streams.	 	 Note	 the	
marginal	thickening	in	the	south	of	the	study	area	and	the	thinness	of	the	unit	in	the	centre	of	
Ice	Stream	1’s	trunk.	Due	to	the	irregular	distribution	of	borehole	data	across	the	study	area	















6.3	Summary	This	chapter	has	presented	a	sediment-landform	model	within	 the	SWSS	consistent	with	the	evolution	of	multiple	ice	stream	systems.	The	following	key	interpretations	should	be	noted:	1. The	 smoothed	 cross	 cutting	 Corridors	 1	 and	 2A,	 B	 and	 C	 are	 interpreted	 as	zones	 of	 former	 subglacial	 streamlining	within	 the	 southwest	margin	 of	 the	LIS,	produced	by	ice	streams	flowing	at	higher	velocities	than	surrounding	ice.		2. The	spatial	relationship	of	these	Ice	Streams	1	and	2A,	B	and	C	indicate	that		a	major	change	from	southward	to	southeastward	trending	ice	flow	occurred	in	this	region.	3. The	 juxtaposition	 of	 CSRs	 with	 lineations	 and	 ice	 thrust	 features	 provides	strong	evidence	that	suggests	Ice	Streams	2A,	B	and	C	underwent	surging.	4. Within	the	preglacial	system,	preglacial	sediment	was	deposited	within	valleys	by	rivers	flowing	from	the	northeast.		5. Upon	glaciation	of	the	study	area,	the	deposition	of	7	till	units	record	multiple	stages	 of	 ice	 advance	 and	 retreat,	 which	 resulted	 in	 the	 erosion,	 thrusting,	incorporation	and	deposition	of	thick	layers	of	sediment.	6. Deglaciation	 is	 recorded	 by	 the	 presence	 of	 thin	 surficial	 stratified	 deposits	consistent	with	the	development	of	glacial	lakes	impounded	by	an	ice	margin	retreating	towards	the	northeast.								
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7.	Discussion		This	chapter	provides	a	synthesis	of	Chapters	4,	5	and	6,	drawing	links	between	the	contents	 of	 each	 chapter	 and	 discussing	 the	 wider	 implications	 of	 this	 thesis	 for	palaeo-ice	stream	dynamics	and	regional	till	architecture.	The	depositional	history	of	the	SWSS	and	the	extent	of	till	emplaced	during	ice	stream	operation	through	space	and	time	are	discussed	first.	Within	this	section	an	attempt	is	also	made	to	correlate	stratigraphic	 units	 with	 those	 previously	 reported	 within	 Saskatchewan	 and	 in	neighbouring	Alberta	and	Manitoba.	Building	upon	this	the	latter	part	of	this	chapter	evaluates	 the	 significance	 of	 till	 depositional	 patterns	 in	 the	 context	 of	 theoretical	models	 of	 regional	 till	 architecture	 (Boulton	 1996a,b).	 Finally	 this	 chapter	 will	evaluate	the	methodology	used	in	this	study	and	provide	recommendations	for	future	work.	
	
7.1	Depositional	history	and	regional	correlations	One	of	the	two	main	purposes	of	this	study	has	been	to	differentiate	and	characterise	lithologic	properties	of	the	Quaternary	sediments	within	the	SWSS	for	the	purpose	of	reconstructing	 the	region’s	depositional	history.	 Interpretations	of	 till	and	stratified	intertill	 units	 indicates	 that	 ice	 advanced	 over	 the	 study	 area	 7	 times,	 each	 time	depositing	 a	 uniquely	 different	 till.	 However	 due	 to	 an	 absence	 of	 chronological	constraints	from	boreholes	it	is	not	known	with	certainty	if	units	represent	separate	glacial	advances	or	readvances	during	the	same	glacial	period.	Based	on	the	thickness	of	 stratified	 intertill	 units	 and	 the	 presence	 and/or	 absence	 of	 weathered	 and	oxidised	zones,	the	possibility	of	some	tills	representing	readvance	events	or,	ice	flow	directional	switches	due	to	shifting	ice	stream	locations	within	the	LIS	are	suggested.	However,	 dating	of	 these	deposits	 is	 needed	 to	 increase	 the	 confidence	with	which	these	 conclusions	 are	 reached.	 Below,	 the	 depositional	 history	 of	 the	 region	 is	presented	in	three	sections,	preglacial,	Pre-Late	Wisconsinan,	and	Late	Wisconsinan	history.	 Due	 to	 the	 lack	 of	 chronological	 constraints	 no	 further	 division	 of	 the	depositional	 history	 is	 given,	 nor	 is	 the	 timing	 of	 Pre-Late	Wisconsinan	 glaciations	assigned	(see	Section	7.1.4	for	further	age	estimates	based	on	regional	correlations	of	stratigraphy).	A	summary	of	this	depositional	history	is	outlined	in	Figure	7.1.	
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7.1.1	Preglacial	history	Prior	to	glaciation	two	major	drainage	systems,	the	Battleford	and	Tyner,	developed	within	 the	 study	area.	During	 their	active	phases	 it	 is	very	 likely	 that	both	of	 these	rivers	had	their	source	in	the	Cordillera,	moving	large	amounts	of	material	eastwards	and	depositing	quartzitic	and	chert	gravel	and	sand	(EMP-1)	on	the	broad	Battleford	and	Tyner	valley	floors.	However	as	discussed	in	section	6.2.1	there	is	probably	more	than	one	source	for	the	EMP-1.	Due	to	the	presence	of	sand	composed	of	quartz	and	dark	chert	it	is	proposed	that	bedrock	was	also	eroded	locally	within	the	study	area	and	 deposited	 in	 conjunction	 with	 gravel	 sourced	 from	 the	 Cordillera.	 This	depositional	 model	 is	 consistent	 with	 previous	 investigations	 of	 basal	 sands	 and	gravels	 that	 occurred	 within	 preglacial	 valleys	 in	 southern	 Saskatchewan	 and	adjoining	 areas	 of	 Alberta	 (referred	 to	 as	 ‘Saskatchewan	 Gravels	 and	 Sands’	 by	Stalker,	1967	and	the	 ‘Empress	Group,	Basal	Gravels’	by	Whitaker	and	Christiansen,	1972).	 These	 deposits	 thus	 represent	 a	 drainage	 system	 that	 developed	 roughly	through	 the	 second	 half	 of	 the	 Tertiary	 (there	 is	 at	 present	 no	 more	 definite	 age	assigned	 to	 the	 deposition	 of	 EMP-1)	 and	 was	 active	 until	 the	 onset	 of	 glaciation	ended	the	prolonged	episode	of	deposition	(Whitaker	and	Christiansen,	1972).			7.1.2	Pre-Late	Wisconsinan	history	7.1.2.1	Glacial	Event	1	The	advance	of	the	first	LIS	ended	deposition	of	EMP-1	(Fig	7.1).	Drainage	within	the	Battleford	 and	 Tyner	 valley	 systems	 would	 have	 been	 progressively	 blocked,	 and	diverted	southwards.	As	a	direct	result	of	the	blockage	caused	by	ice	advance,	a	series	of	 ice-ponded	 lakes	 developed.	 (Fig	 7.1).	 Within	 these	 lakes	 suspended	 sediment	(EMP-2)	would	have	been	deposited	either	overlying	coarser	basal	sand	and	gravel	or	in	 areas	 where	 EMP-1	 was	 eroded,	 sediment	 would	 have	 been	 deposited	 on	 the	bedrock.	 It	 is	 also	 likely	 that	 due	 to	 a	 series	 of	 ice-ponded	 lakes	 developing,	water	may	 have	 produced	 newly	 eroded	 channels;	 a	 process	 alluded	 to	 by	 Christiansen	(1968)	within	 southern	 Saskatchewan.	 Glaciofluvial	 sand	 and	 gravel	 of	 EMP-3	was	then	deposited	either	on	 top	of	EMP-2	or	 in	 some	areas	on	 the	underlying	bedrock	(Fig	 7.1).	 It	 is	 proposed	 that	 as	 this	 first	 ice	 sheet	 advanced	 it	 eroded	 the	 upper	surface	of	exposed	bedrock	in	many	places	(Fig	7.1).	This	assertion	is	made	based	on	the	 clay	 rich	 composition	 of	 this	 till,	 which	 likely	 results	 from	 erosion	 of	 the	
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underlying	mudstone	and	siltstone.	Due	to	the	confinement	of	this	till	(DU-1)	within	preglacial	valleys,	it	is	proposed	that	ice	during	this	period	may	have	taken	the	form	of	 small	 tributary	 lobes	or	valley	glaciers.	However,	 it	 is	 also	plausible	 that	 ice	was	significantly	more	 extensive	 and	 also	 occupied	 upland	 areas	 but	 that	 the	 evidence	was	subsequently	eroded.		Overlying	DU-1	 in	some	regions	 is	a	minor	 layer	of	 clay	 (SU-A).	 It	 is	 suggested	 that	this	material	 records	 the	 development	 of	 proglacial	 lakes	 against	 the	 retreating	 ice	margin	 (Fig	 7.1).	 The	majority	 of	 SU-A,	 however,	 consists	 of	 glaciofluvial	 sediment	that	was	deposited	 and	 then	 formed	 a	protective	 layer	 over	DU-1	during	 the	 latter	phase	 of	 this	 glacial	 event	 in	 the	 main	 Battleford	 and	 Tyner	 valley	 systems.	Interestingly	within	small	areas,	especially	within	the	northern	tributary	of	the	Tyner	Valley,	DU-1	is	absent	and/or	sporadic.	It	is	proposed	that	these	areas	were	exposed	and	later	eroded	during	the	following	nonglacial	period,	removing	any	DU-1	that	may	have	been	deposited.		7.1.2.2	Glacial	Event	2	Glaciofluvial	material	(SU-A)	was	deposited	over	much	of	the	SWSS	either	during	the	latter	phases	of	Glacial	Event	1	or	in	the	early	stages	of	Glacial	Event	2.	A	thick	layer	of	till	(DU-2)	was	then	deposited	(Fig	7.1).	This	till	displays	an	abundance	of	quartz	and	 hence	 it	 is	 proposed	 this	 could	 be	 the	 result	 of	 erosion	 of	 sandstone	 of	 the	Athabasca	Formation	to	the	northeast	of	the	SWSS,	but	could	also	result	from	erosion	of	 local	 sources	 within	 the	 swath	 itself	 (the	 underlying	 SU-A)	 (Andriashek	 and	Fenton,	1989).	Furthermore	the	clay	rich	nature	of	DU-2	is	likely	the	result	of	erosion	and	incorporation	of	the	underlying	bedrock	(claystone	and	siltstone)	(Fig	7.1).			Overlying	DU-2	but	occurring	below	DU-3	is	a	thin	layer	of	stratified	sediment	(SU-B)	composed	 mainly	 of	 sands	 and	 some	 gravels.	 The	 presence	 of	 this	 unit	 appearing	sporadically	 but	 in	 several	 regions	 of	 the	 SWSS	 suggests	 that	 more	 than	 one	 ice	advance	occurred	during	this	glacial	event.	Following	the	deposition	of	SU-B	a	glacial	readvance	 then	 extended	 throughout	 the	 study	 area	 during	 which	 DU-3	 was	deposited.	 During	 retreat	 of	 the	 ice	 responsible	 for	 the	 deposition	 of	 DU-3	 this	 ice	margin	was	present	in	the	North	Battleford	Valley	for	a	significant	amount	of	time.	As	
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discussed	in	section	6.2.4	a	large	thickening	of	DU-3	is	present	in	this	valley.	It	is	thus	tentatively	 proposed	 that	 in	 this	 area,	 thickening	 represents	 an	 overridden	 glacial	margin	possibly	resulting	 from	a	small	 ice	readvance	or	marginal	stagnation	during	retreat.	 Furthermore,	based	on	 the	orientation	and	arcuate	 form	of	 this	overridden	margin,	 it	 is	 suggested	 that	 net	 advection	 of	 till	was	 from	 the	 northeast,	 indicating	that	ice	flowed	in	a	northeast	to	southwest	direction	during	this	glacial	event.		As	part	of	the	later	stages	of	Glacial	Event	2,	the	surface	of	DU-3	was	eroded	either	by	abundant	meltwater	and/or	by	poorly	defined	regional	drainage.	This	is	exemplified	within	 the	 North	 Battleford	 Valley	 where	 substantial	 erosion	 of	 DU-3	 within	 the	valley’s	 eastern	 section	has	 occurred.	The	upper	parts	 of	DU-3	 are	 also	weathered;	while	 this	 is	 not	widespread	 it	 indicates	 that	 in	 some	areas	 the	 surface	of	 this	unit	was	either	only	exposed	for	a	very	limited	amount	of	time	and/or	was	weathered	and	later	 eroded.	 Sand	 and	 gravel	 (SU-C)	 were	 deposited	 as	 this	 drainage	 system	developed	on	the	surface	of	DU-3	(Fig	7.1).		7.1.2.3	Glacial	Event	3	Prior	to	the	Glacial	Event	3	proglacial	lakes	were	present	in	the	study	area	(Fig	7.1).	Silt	and	clay	of	SU-C	were	deposited	in	these	lakes	in	the	eastern	sections	of	the	North	Battleford	 Valley	 and	 Lloydminster	 Channels.	 The	 lakes	 formed	 in	 much	 the	 same	way	as	those	during	Glacial	Event	1	as	a	result	of	meltwater	flowing	off	the	ice	and	by	blockage	of	the	regional	northeastern	drainage	by	the	advancing	glacier.	The	arcuate	distribution	 of	 thick	 silt	 and	 clay	 deposits	 of	 SU-C	 most	 likely	 demarcates	 the	marginal	zone	of	this	glaciation	or	at	least	marks	the	marginal	zone	of	a	temporary	ice	margin.	The	former	proposal	is	favoured	here	for	two	reasons.	Firstly,	in	addition	to	SU-C	being	absent	in	the	southwest	of	the	study	area,	DU-4	is	also	absent	and	displays	a	similar	lobate	distribution	confined	to	the	northeast	of	the	study	area.	Secondly,	DU-4	and	SU-C	both	thicken	considerably	towards	this	lobate	margin.	Based	upon	models	of	 sub-marginal	 till	 thickening,	 this	 observation	 in	 association	 with	 an	 overridden	ridge	 complex	 that	 is	proposed	 (see	Section	6.2.1)	 to	be	a	 terminal	moraine,	which	records	the	location	of	the	ice	margin.	Due	to	the	thin	and	localised	appearance	of	SU-C	it	is	proposed	that	DU-5	was	deposited	only	a	short	time	after	DU-4	during	the	same	glacial	 event.	 The	 widespread	 distribution	 of	 DU-5	 across	 the	 entire	 study	 area	
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7.1.3	Late	Wisconsinan	history	The	 final	major	glacial	event	 to	affect	 the	study	area	 left	 its	 imprint	not	only	 in	 the	stratigraphy	but	also	geomorphologically.	This	additional	data	allows	a	more	detailed	reconstruction	 of	 the	 history	 beyond	 the	 simplistic	 advance	 and	 retreat	 phases	 of	earlier	events.	As	discussed	above,	chronological	constraints	on	the	timing	of	glacial	occupation	 of	 the	 study	 area	 are	 limited.	 However	 in	 order	 to	 place	 both	geomorphological	 and	 sedimentological	 observations	 into	 a	 chronological	 context	this	study	will	employ	the	chronology	described	by	Ross	et	al.	(2009)	and	Ó	Cofaigh	et	al.	(2010)	based	on	the	reconstruction	of	LGM	deglaciation	by	Dyke	et	al.	(2003).	In	order	 to	allow	a	discussion	of	 the	dynamics	of	 ice	during	 the	Late	Wisconsinan	 the	geomorphological	 and	 sedimentary	 results	 of	 this	 study	 are	 placed	 in	 a	 regional	context	 (Fig	 7.2).	 Thus	 in	 combination	 with	 this	 chronology	 the	 following	 is	 an	updated	and	refined	reconstruction	of	the	Late	Wisconsinan	history	that	builds	upon	the	previous	work	completed	within	southeastern	Saskatchewan	(Ross	et	al.,	2009;	Ó	Cofaigh	 et	 al.,	 2010)	 but	 also	 integrates	 reconstructions	 of	 ice	 stream	 flow	 within	Western	 Manitoba	 (Patterson,	 1997;	 Jennings,	 2006)	 and	 Western	 Alberta	(Andriashek	and	Fenton,	1989;	Evans	et	al.,	2008).		
	7.1.3.1	Relationship	between	surficial	landscape	and	sub-surface	stratigraphy	At	 the	LGM	 ice	 covered	Saskatchewan	and	Alberta	 and	 extended	 into	Montana	 and	North	Dakota	 (Dyke	et	 al.,	 2002;	2003).	The	well	preserved	geomorphic	 ice	 stream	flow	sets,	discussed	in	section	6.1.6,	represent	the	dynamic	behaviour	of	this	part	of	the	ice	sheet	during	its	retreat	from	this	maximum	position.	Based	on	the	relationship	of	cross	cutting	Ice	Streams	2A,	B	and	C	in	relation	to	the	flow	path	of	Ice	Stream	1,	it	is	 clear	 they	 record	 progressive	 changes	 in	 ice	 sheet	 behaviour	 through	 the	 Late	Wisconsinan	 deglaciation	 from	 an	 unconfined	 ‘pure’	 stream	 to	 a	 series	 of	topographically	 confined	 flow	 lobes	 (Fig	 7.3).	 It	 would	 seem	 probable	 that	 this	dynamic	 flow	 shift	 is	 also	 recorded	 within	 the	 stratigraphic	 record.	 Based	 on	sediment-landform	 relationships	 it	 is	 proposed	 that	 DU-6	 was	 deposited	 by	 Ice	Stream	 1	 and	 DU-7	 relates	 to	 the	 activity	 of	 Ice	 Streams	 2A,	 B	 and	 C.	 This	interpretation	 is	 based	 on	 several	 lines	 of	 evidence:	 1.	 the	 corresponding	 narrow	distribution	of	DU-7	within	three	strips	all	within	smoothed	corridors	2A,	B	and	C;	2.	the	stratigraphic	position	of	DU-7	which	overlays	DU-6	in	areas	where	the	flow	paths	
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of	 Ice	 Streams	 2A,	 B	 and	 C	 and	 Ice	 Stream	 1	 are	 present;	3.	 thickening	 of	 DU-6	 in	relation	to	the	terminus	of	Ice	Stream	1.		7.1.3.2	Phase	1:	LGM	~18	14C	ka	BP-	Ice	Stream	1	active	flow	phase	The	 flow	 path	 of	 Ice	 Stream	 1	 can	 be	 recognised	 from	 the	 Canadian	 Shield	 to	 the	southeastern	corner	of	the	SWSS.	The	corridor	of	MSGLs	that	document	this	palaeo-ice	stream	can	be	followed	down	to	the	Great	Sand	Hills	Lowland.	This	indicates	that	during	the	LGM	(~18	14C	ka	BP;	Dyke	et	al.,	2002),	this	ice	stream	terminated	on	the	northern	slope	of	 the	Cypress	Hills.	However	based	upon	 the	occurrence	of	MSGLs,	that	 extend	 outside	 of	 the	 ice	 stream’s	 terminus	 (as	 demarcated	 by	 a	 series	 of	moraines)	towards	the	southeastern	corner	of	the	SWSS,	at	the	southwestern	corner	of	 the	 Cypress	 Hills,	 it	 is	 plausible	 that	 Ice	 Stream	 1	 may	 have	 fed	 ice	 to	 lobes	documented	 further	 south	 between	 the	 Cypress	Hills	 and	Wood	Mountain	Uplands	(Klassen,	1991,	1992,	1994;	Ross	et	al.,	2009).	At	the	same	time	similar	fast	ice	flows	were	also	active	within	the	bordering	provinces	of	Manitoba	and	Alberta.	The	James	Lobe	 to	 the	 east	 of	 the	 study	 area	 was	 fed	 by	 a	 system	 in	 Manitoba	 and	 eastern	Saskatchewan	(Patterson,	1997;	Jennings,	2006).	Within	the	CAIS	(Central	Alberta	Ice	Stream)	 and	 HPIS	 (High	 Plains	 Ice	 Stream)	 were	 active	 (Fig	 7.2).	 The	 HPIS,	 CAIS,	James	 Lobe	 and	 Ice	 Stream	 1	 all	 displayed	 a	 general	 N-S	 flow	 against	 the	 regional	slope	and	without	significant	deflection	crossed	preglacial	valleys.	This	flow	pattern	indicates	 that	 ice	 was	 thick	 over	 the	 Interior	 Plains	 while	 these	 ice	 streams	 were	active	and	likely	resulted	from	coalescence	with	Cordilleran	ice	in	the	west	(Dyke	and	Prest,	 1987;	 Klassen,	 1989;	 Rains	 et	 al.,	 1999),	 which	 would	 have	 forced	 the	 net	movement	of	flow	southwards	(Fig	7.2).		The	 series	 of	 transverse	moraine	 ridges	 (Map	 Sheet	 1)	 that	 form	 an	 arc	 extending	from	the	Great	Sands	Hills	Lowland	to	the	base	of	the	Cypress	Hills,	developed	along	the	 regional	 slope.	 This	 depositional	 context	 suggests	 ice	 thrusting	 towards	 the	south-southwest	 (Fig	 7.3).	 This	 thrusting	 process	 was	 first	 proposed	 by	 Kupsch	(1962)	 in	 the	 context	 of	 an	 ice	 sheet	marginal	 thrust	model.	 However	 due	 to	 their	location	in	the	terminal	zone	of	Ice	Steam	1,	it	is	clear	these	features	were	produced	by	palaeo-ice	stream	activity.	Ice	thrusting	by	Ice	Stream	1	is	thus	invoked	to	explain	the	 thick	 till	 sequences	 found	 in	 this	 area.	 This	 thrusting	 is	 likely	 a	 result	 of	
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Alberta	 and	 western	 Saskatchewan.	 Ice	 stream	 flow	 paths	 have	 been	 drawn	 based	 on	 mapping	
undertaken	in	previous	studies	1.	Atkinson	et	al.	(2014)	and	Evans	et	al.	(2014)	2.	Andriashek	and	Fenton	
(1989)	3.	Ross	et	al.	(2009).	Late	Wisconsinan	Maximum	extent	drawn	based	on	the	reconstructed	extent	
proposed	 by	 Dyke	 et	 al.,	 (2012).	 Ice	 streams	 are	 separated	 into	 flow	 phases	 1	 (white	 ice	 stream	 flow	
paths)	and	phase	2	(black	ice	stream	flow	path).	It	should	be	noted	that	all	ice	streams	in	each	phase	may	




The	 stagnation	 of	 Ice	 Stream	1	 followed	by	 the	progressive	migration	 of	 the	 James	Lobe	onset	zone	(Patterson,	1997)	and	associated	tributaries	explains	well	the	sharp	contact	 between	 Ice	 Stream	corridors	2A,	B	 and	C	 and	 Ice	 Stream	1.	The	 capturing	and	thus	concentration	of	subglacial	water	might	also	explain	why	Corridors	2A	and	B		display	 a	 surge	 signature.	 Comparisons	with	 reconstructions	 of	 deglaciation	 of	 this	sector	 of	 the	 LIS	 (Dyke	 et	 al.,	 2003)	 implies	 that	 the	 change	 from	 unconfined	streaming	 to	 topographically	 confined	 streaming	 occurred	 in	 a	 couple	 of	 thousand	years	 between	~14,500	 and	 12,500	 yrs	 14C	 ka	 BP.	 This	 occurred	 before	 the	major	eastward	shift	in	ice	dispersal	and	prior	to	complete	separation	of	the	Cordilleran	and	Laurentide	Ice	Sheets	(see	Dyke	et	al.,	2003).			7.1.3.4	Phase	3:	Ice	Stream	2A,	B	and	C	active	flow	phase	and	Ice	Stream	1	stagnation	Within	the	trunk	zone	of	Ice	Stream	1,	the	good	preservation	of	MSGLs	suggests	that	the	main	trunk	of	the	ice	stream	did	not	undergo	active	retreat	but	rather	stagnated	in	 situ	 (Fig	7.3).	During	 this	 final	 stage	of	 shut	down,	 linear	 zones	 of	 ice	 fracturing	developed	in	response	to	extension	and	fracturing	of	the	last	active	flow	lobes,	with	subglacial	till	injection	into	these	crevasses	forming	the	CSRs	(Fig	7.3).	This	fracturing	would	have	allowed	the	 formation	of	CSRs	within	the	trunk	zone	of	 this	 ice	stream.	However,	 within	 some	 small	 areas	 at	 the	 margins	 of	 Ice	 Stream	 1	 the	 subglacial	landscape	is	locally	overprinted	by	younger	ice	recessional	or	ice	readvance	features.	Later	 stage	 assemblages	 of	 features	 clearly	 cross	 cut	 the	 subglacial	 bedforms	 and	comprise	a	fluted	hill-hole	pair	and	esker	complex	and	small	lobate	moraine	ridges.	It	is	proposed	that	these	features	demarcate	the	incursion	of	a	small	glacial	lobe	flowing	from	the	NNW-SSE	(Fig	7.3).			In	contrast	 to	 Ice	Stream	1,	 Ice	Streams	2A,	B	and	C	are	constrained	within	the	 low	topography	 of	 the	 Battleford	 and	 Tyner	 buried	 valley	 systems.	 The	 location	 of	 the	onset	 zone	 of	 these	 ice	 streams	 is	 unknown.	 Comparison	 of	 geomorphological	mapping	 in	 this	 study	with	mapping	by	Andriashek	and	Fenton	 (1989)	 in	 the	Sand	River	area	73L	of	Alberta	indicates	that	at	least	Corridors	2A	and	B	within	the	SWSS	are	a	clear	continuation	of	the	Lac	La	Biche	Ice	Stream	that	flowed	NNE-SSW	through	the	 Sand	 River	 area	 and	 split	 into	 multiple	 lobes	 within	 Saskatchewan.	 A	 source	within	 central	 Alberta	 is	 further	 supported	 by	 the	 low	 carbonate	 concentrations	 of	
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surficial	tills	that	are	found	along	the	Ice	Streams	2A,	B	and	C	relative	to	Ice	Stream	1,	which	 are	 consistent	 with	 a	 provenance	 from	 carbonate	 poor	 Alberta	 (Ross	 et	 al.,	2009).	Their	location	is	also	consistent	with	the	proposed	palaeo-ice	stream	path	to	the	southeast	that	ended	with	the	James	Lobe	(Fig	7.2).	All	three	lobes’	flow	paths	can	be	 traced	 as	 tributaries	 consistent	with	 palaeo-ice	 stream	 criteria	 of	 tributary-type	flow	patterns	 and	 convergent	 flow	patterns.	 The	 fields	 of	 attenuated	bedforms	 and	their	 large	 (>10:1)	 length	 to	width	 ratios	 suggest	 rapid	 flow	speeds	occurred	along	the	 Ice	Stream	corridors	2A,	B	and	C	 towards	 the	southeast.	This	 is	especially	clear	within	 Ice	 Stream	 2A	 where	 MSGLs	 are	 highly	 elongated,	 indicative	 of	 high	 flow	velocity	(cf.	Dyke	and	Morris,	1988;	Clark	1993;	Wellner	et	al.,	2001;	Ó	Cofaigh	et	al.,	2002;	Briner,	2007).			These	corridors	were	bound	by	the	surrounding	higher	 topography,	but	 the	system	within	these	topographically	defined	areas	was	dynamic	and	shifts	in	lateral	margins	and	 overprinting	 of	 some	 assemblages	 are	 evidence	 of	 this	 instability.	 It	 is	 evident	that	the	landform-sediment	assemblages	recorded	in	these	ice	stream	corridors	also	exhibits	all	the	characteristics	(with	the	exception	of	concertina	eskers)	of	the	surging	glacier	landsystem	model.	While	the	cause	of	such	surging	is	unknown	it	is	likely	that	the	 vast	 area	 of	 deformable	 substrate	within	Western	 Canadian	 Sedimentary	Basin	(Mathews,	 1974;	 Boulton	 and	 Jones,	 1979)	 would	 have	 facilitated	 surging	 activity.	The	low	yield	stresses	and	high	pore	water	pressure	associated	with	these	sediment	beds	would	have	resulted	in	a	low	surface	gradient	ice	cover,	which	as	a	result	of	its	characteristics	would	have	been	prone	to	abrupt	flow	change	(Mattews,	1974;	Fisher	et	 al,	 1985).	 This	 geological	 setting	 would	 have	 provided	 ideal	 conditions	 for	 ice	stream	surging.	Other	conditions	that	may	have	promoted	ice	marginal	instability	in	the	form	of	surging,	include	a	thin	low-gradient	ice	margin	that	would	have	allowed	for	 cold-based	 conditions.	 Surging	 behaviour	was	not	 isolated	 to	 the	 Saskatchewan	swath,	but	also	characterised	ice	stream	behaviour	closer	to	the	onset	zone	of	this	ice	streams	and	within	its	marginal	zone.	Within	the	Lac	La	Biche	area	of	this	ice	stream	system	 Evans	 and	 Rea	 (1999)	 report	 a	 surge	 signature,	 and	 in	 central	 Manitoba	Adams	(2009)	describes	a	surge	signature	associated	with	the	Weyburn	Lobe.			
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7.2	 Dynamics	 of	 terrestrial	 terminating	 ice	 streams	 in	 southwestern	
	 Saskatchewan:	glacial	erosion,	transport	and	deposition		While	site	specific	glacial	sedimentology	has	been	placed	in	a	regional	context	to	look	at	 the	 characteristics	 of	 till	 architecture	 in	 relation	 to	 ice	 stream	 activity	 and	terrestrial	moraine	and	till	 forming	processes,	research	to	date	within	the	Canadian	Prairies	 has	 lacked	 comprehensive	 sub-surface	 analysis.	 This	 study	 is	 the	 first	attempt	to	produce	a	regional	3D	analysis	of	sub-surface	stratigraphy,	which	allows	a	large	 scale	 investigation	 of	 ice	 sheet	 till	 architecture.	 In	 the	 following	 section	 the	significance	 of	 this	 study	 will	 be	 assessed	 in	 the	 context	 of	 till	 erosional,	transportational	 and	 depositional	 processes	 associated	 with	 fast	 glacier	 flow.	 The	regional	characteristics	of	the	till	architecture	will	then	be	reconciled	with	Boulton’s	(1996a,	b)	theoretical	proposal	of	till	deposition	patterns.		Tills	 that	 are	 deposited	 around	 the	 southern	margins	 of	 the	 LIS	 have	 been	widely	interpreted	 as	 the	 product	 of	 subglacial	 deformation	 (e.g.	 Alley,	 1991;	 Evans	 and	Campbell,	1995)	and	because	subglacial	deformation	has	been	closely	linked	with	fast	glacier	flow	(e.g.	Boulton	and	Hindmarsh,	1987;	Alley	et	al.,	1986;	Dowdeswell	et	al.,	2004),	 it	 seems	 likely	 that	 the	 SWSS	 tills	 played	 a	 significant	 role	 in	 fast	 ice	 flow	identified	in	this	study.	Conversely	widespread	sliding	has	also	been	reported	to	have	been	a	significant	driver	of	palaeo-ice	stream	flow	(e.g	Piotrowski	et	al.,	2001,	2004;	Stokes	and	Clark,	2003)	and	the	occurrence	of	large	subglacial	meltwater	channels	in	the	 fast	 ice	 flow	 corridors	 of	 the	 SWSS	 attests	 to	 the	 occurrence	 of	 subglacial	meltwater		during	the	fast-flow	events.			7.2.1	Marginal	thickening	of	subglacial	sediments		Evidence	 of	 marginal	 thickening	 of	 subglacial	 sediments	 is	 manifest	 by	 DU-6	 in	association	with	the	margins	of	the	southern	limits	of	 Ice	Stream	corridor	1.	Within	this	marginal	zone	this	till	unit	ranges	in	thickness	from	9-30m.	Such	thicknesses	are	not	consistent	with	those	recorded	as	subglacial	traction	deposits	(Evans	et	al.,	2006)	but	 have	 been	 reconciled	 with	 the	 sub-marginal	 accretion	 of	 deforming	 sediment	units	(Boulton	1996a,	b;	Eyles	et	al.,	2011;	Evans	et	al.,	2008).	Furthermore	within	the	northernmost	limits	of	the	study	area	till	is	considerably	thinner	and	in	some	areas	of	the	 Turtlelake	 Upland	 bedrock	 is	 exposed.	 It	 is	 proposed,	 due	 the	 presence	 of	 a	
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The	 thickness	 of	 DU-6	 at	 its	 southernmost	 limit	 is	 in	 considerable	 contrast	 to	 its	thickness	 at	 the	 centre	of	 the	 trunk	 zone	of	 Ice	 Stream	1.	 For	 example	north	of	 Ice	Stream	 2B	 only	 a	 thin	 (average	 thickness	 2.5	 m)	 layer	 of	 DU-6	 is	 present.	 The	occurrence	 of	 thin	 tills	 at	 the	 centres	 of	 the	 fast-flow	 corridors,	 in	 many	 places	unconformably	overlying	stratified	sediments	(Piotrowski	et	al.,	2004),	suggests	that	widespread	 till	 deformation	 may	 have	 been,	 in	 some	 locations	 within	 the	 SWSS,	secondary	 to	 basal	 sliding	 in	 driving	 palaeo-ice	 streams.	 Nevertheless,	 the	 general	thickening	of	tills	towards	the	ice	stream/lobe	margins	is	consistent	with	the	theory	of	subglacial	deformation	presented	by	Boulton	(1996a,	b).		In	addition	to	these	surficial	tills	several	stratigraphically	older	till	units		(DU-4	and	5)	also	 record	 a	 generalised	 pattern	 of	 thickening	 towards	 the	 south/southwest	 with	thinning	 in	 the	 centre	 of	 Ice	 Stream	1.	 This	 characteristic	 of	 stratigraphically	 older	tills	 is	 pertinent	 for	 two	 reasons.	 Firstly,	 if	 we	 employ	 DU-6	 as	 an	 analogue	 and	assume	that	wedge	like	thickening	is	the	result	of	marginal	thickening	consistent	with	subglacial	 deformation	 theory,	 then	 these	wedges	 suggest	 that	 during	 several	 time	periods	 ice	reached	the	southern	border	of	Saskatchewan	and	may	have	occupied	a	similar	 flow	path	as	 that	 recorded	by	 the	 surficial	 geology.	 Secondly,	 recognition	of	these	characteristics	within	older	units	 suggests	 that	 it	may	be	a	valuable	 indicator	that	 has	 the	 potential	 for	 recognition	 of	 ice	 stream	 activity	 and	 dynamics	 from	 its	regional	stratigraphic	architecture	alone.			7.2.2	Localised	thickening	of	subglacial	sediments		In	 addition	 to	 a	 generalised	 thickening	 of	 subglacial	 sediment	 towards	 ice	 stream	margins,	more	localised	thickening	not	predicted	within	Boulton’s	(1996a,	b)	model,	is	recognised.	This	variation	in	sediment	thickness	is	attributed	to	three	processes:	1.	down-ice	thickening	associated	with	buried	valley	margins;	2.	upland	thinning;	and	3.	thickening	as	a	result	of	overridden	glacial-marginal	landforms.		7.2.2.1	Down-ice	thickening	associated	with	buried	valley	margins	Substantial	 thickening	of	 tills	 and	plucked	bedrock	 immediately	down-ice	of	buried	valleys	 also	 occurs	 within	 the	 SWSS.	 This	 implies	 that	 pre-existing	 sediment	sequences	 (valley	 fills)	 are	 crucial	 to	 the	 subglacial	 generation	 of	 sediment.	 This	 is	
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partially	applicable	to	DU-6	and	5	that	show	increases	of	12	m	and	9	m	respectively	of	till	thickening	in	such	situations.		It	is	likely	that	as	ice	advanced	against	the	regional	slope	this	would	have	resulted	in	proglacial	 lake	formation	and	infilling	as	recorded	by	thick	glaciolacustrine	deposits	(Proudfoot,	 1985;	 Evans	 and	 Campbell,	 1995)	 (and	 this	 study:	 see	 Section	 6.2.11).	Mass	 flow	diamicton	 associated	with	 the	 advection	of	 sub-marginal	 till	would	have	also	 accumulated	 over	 valleys.	 Thus	 it	 is	 possible	 that	 sand	 and	 gravels	 in	 these	preglacial	 sediment	 sequences	 in	 the	 buried	 valleys	 acted	 as	 aquifers,	 locally	evacuating	 subglacial	 meltwater,	 increasing	 the	 basal	 shear	 stress	 and	 thereby	causing	till	 thickening	either	by	tectonic	stacking	or	by	freeze-on	and	later	melt-out	(e.g.	 Christofferson	 and	 Tulaczyk,	 2003).	 In	 addition	 this	 also	 explains	 how	 the	leakage	of	subglacial	meltwater	through	preglacial	valley	aquifers	could	conceivably	have	caused	ice	stream	deceleration	and	possibly	surging	within	Ice	Stream	corridors	2A,	 B	 and	 C.	 However,	 this	 thickened	 sediment	would	 have	 acted	 as	 a	 blockage	 to	streaming	ice	further	up	flow	which	would	have	thickened	and	eventually	advanced,	streamlining	 its	 surface.	 Therefore,	 the	 beds	 of	 fast	 flowing	 trunk	 ice	 can	 contain	multiple	 imprints	 of	 glacier	 advance	 phases,	 and	 ice	 streaming	 can	 mould	 and	redistribute	pre-existing	materials	so	that	a	mosaic	of	bed	deformation	and	sliding	is	produced	 by	 localised	 changes	 in	 ‘continuity’	 of	 subglacial	 materials	 (Evans	 et	 al.,	2006).		7.2.2.2	Upland	thinning	In	 association	 with	 valley	 thickening,	 upland	 thinning	 of	 till	 sequences	 is	 also	observed	 immediately	 down-ice	 of	 buried	 valleys.	 This	 process	 is	 particularly	well	observed	 in	relation	 to	DU-6	within	 the	Battleford	and	Tyner	buried	valley	systems	and	DU-5	within	 the	Battleford	Valley	 system.	 It	 is	 proposed	 that	 this	 thinning	 is	 a	negative	feedback	resulting	from	down-ice	valley	thickening.	In	upland	areas	down-ice	 of	 buried	 valleys	 ice	would	 no	 longer	 have	 been	 subject	 to	 the	 increased	 basal	shear	 stress	 that	 resulted	 from	 local	 draining	 of	 subglacial	 meltwater	 and	concomitant	ice	deceleration.	Thus	it	would	have	been	able	to	re-accelerate	and	once	again	thicken.	Such	 ice	thickening	would	have	facilitating	sliding	and	prohibited	the	build	up	of	thick	tills	(Evans	et	al.,	2006;	Piotrowski	and	Kraus,	1997).	In	combination	
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with	 this,	 many	 upland	 areas	 lack	 sand	 rich	 intertill	 deposits	 and	 the	 glacier	 bed	would	have	been	moving	over	clay-rich	till.	The	clay-rich	nature	of	these	tills	would	have	 allowed	 the	build	up	of	 high	pore	water	pressures	 leading	 to	decreased	basal	shear	 stress	 and	 localised	 glacier	 decoupling	 (Kamb,	 1998).	 This	 illustrates	 the	potential	lithological	control	on	not	only	the	subglacial	hydrological	system,	but	also	the	mechanism	for	glacier	motion	across	its	bed,	leaving	a	distinctive	signature	in	the	till	architecture.			7.2.2.3	Thickening	as	a	result	of	overridden	glacial-marginal	landforms	Unrelated	 to	 buried	 pre-glacial	 valleys	 and/or	 upland	 areas,	 stratigraphically	 older	tills	 also	 thicken.	Based	on	 the	 similarities	of	 these	 cases	of	 abnormally	 thick	 till	 to	those	recorded	by	Evans	et	al.	 (2008)	 in	southern	Alberta	 in	relation	 to	overridden	ridges,	it	is	proposed	that	these	localised	thickenings	mark	former	overridden	glacier	margin	 landforms.	 These	 thick	 till	 sequences	 likely	 record	 ice-marginal	 moraine	construction	and	subglacial	till	 thickening	during	ice	sheet	advance.	One	example	of	this	occurs	within	DU-3	on	the	southern	side	of	the	North	Battleford	Valley.	However	the	proposal	that	this	type	of	thickening	is	related	to	overridden	ice	margins	is	made	especially	clear	where	till	thickening	coincides	with	overridden	ridge	complexes.	This	is	 illustrated	in	relation	to	the	 large	 lobate	complex	of	overridden	transverse	ridges	interpreted	 as	 terminal	 moraines.	 This	 ridge	 complex	 is	 associated	 with	glaciotectonised	bedrock	and	tills	(specifically	DU-4,	which	is	present	only	within	the	margins	 of	 this	 lobate	 ridge	 complex),	 which	 are	 stacked	 at	 the	 centre	 of	 large	transverse	ridges.												
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1.	 stratigraphy	 modelling;	 2.	 our	 understanding	 of	 palaeo-ice	 stream	 sedimentary	signatures;	and	3.	the	dynamics	of		the	south	western	Interior	Plains	sector	of	the	LIS	during	the	Late	Wisconsinan	deglaciation.		Firstly,	 this	research	has	provided	the	 first	3D	regional	stratigraphic	reconstruction	in	 relation	 to	 palaeo-ice	 streams.	 This	 reconstruction	 has	 proved	 to	 be	 particularly	insightful	 in	 interpreting	 the	 depositional	 history	 of	 the	 SWSS.	 This	 has	 allowed	interpretations	of	preglacial,	Pre-Late	Wisconsinan	and	Late	Wisconsinan	 landscape	evolution	 to	 be	made.	 Unlike	 studies	 that	 rely	 on	 sediment	 exposures	 of	 a	 limited	number	of	boreholes,	3D	modelling	of	borehole	data	allowed	a	regional	picture	of	ice	stream	 activity,	 enabling	 the	 spatial	 and	 temporal	 evolution	 of	 the	 landscape	 to	 be	simultaneously	 assessed.	 Furthermore	 this	 methodology	 facilitated	 links	 between	data	 that	 are	 undoubtedly	 connected	 to	 glacial	 processes	 (till	 architecture)	 and	landform	assemblages	related	to	glacial	dynamics,	including	ice	streaming.			 		 	 	 	 	 	 	 		Secondly,	stratigraphic	investigation	has	demonstrated	that	the	dynamic	behaviour	of	former	ice	sheets	can	be	recognised	from	their	sediment	imprint.	Criteria	for	palaeo-ice	stream	identification	associated	with	sedimentary	characteristics	have	historically	been	less	well	known	(Stokes	and	Clark,	2001).	This	study	proposes	that,	in	addition	to	Stokes	and	Clark’s	(1999)	geomorphological	criteria,	the	till	architecture	of	an	ice	stream	may	 also	 be	 diagnostic	 in	 the	 identification	 of	 palaeo-ice	 streams,	 and	 that	sub-marginal	till	thickening,	as	theorised	by	Boulton	(1996a,	b),	and	ice	stream	trunk	and	 upland	 till	 thinning,	 as	well	 as	 preglacial	 valley	 thickening	 are	 also	 potentially	characteristic	 of	 palaeo-ice	 streams	 operating	 over	 soft	 unconsolidated	 sediments.	Implementation	 of	 these	 criteria	 thus	 may	 provide	 a	 more	 robust	 subglacial	landscape	 analysis	 that	will	 improve	 the	way	 in	which	 glacial	 stratigraphic	 records	and	geomorphological	evidence	are	analysed	and	used	to	identify	former	ice	streams.		This	 study	 also	 has	 wider	 implications	 in	 terms	 of	 the	 dynamic	 behaviour	 of	 the	southwestern	 LIS	 during	 the	 Late	 Wisconsinan.	 High	 resolution	 geomorphological	
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mapping	 and	 stratigraphic	 analysis,	 which	 have	 built	 on	 the	 reconnaissance	 style	mapping	completed	in	the	region	previously	(Ross	et	al.,	2009;	Ó	Cofaigh	et	al.,	2010),	confirms	 interpretations	 of	 the	 superimposition	of	 ice	 stream	corridors.	This	 suggests	that	a	dynamic	switch	in	flow	direction	occurred	in	this	region	and	subsequently	the	persistent	fast	flow	of	Ice	Stream	1	gave	way	to	the	more	transitory	surging	system	of	Ice	 Streams	 2A,	 B	 and	 C,	 indicating	 the	 possibility	 of	 periodic	 spatial	 and	 temporal	instability	 of	 the	 ice	 drainage	 network	 within	 this	 region	 of	 the	 LIS	 during	 the	 Late	Wisconsinan.			
7.4	Evaluation	of	methods	and	data	sources:	limitations	and	further	research	This	 study	 has	 provided	 a	 comprehensive	 analysis	 of	 the	 spatial	 dynamics	 and	regional	sedimentary	architecture	within	the	SWSS,	however	the	techniques	through	which	 conclusions	were	 reached	 are	 not	without	 limitations.	 Such	 limitations	 have	been	alluded	to	throughout	but	are	now	discussed	in	detail.		7.4.1	Geomorphic	Mapping	Geomorphic	 investigation	of	the	SWSS	was	completed	using	a	combination	of	SRTM	and	Landsat	ETM+	imagery.	SRTM	data	provided	an	excellent	source	of	regional	scale	mapping,	allowing	suites	of	landforms	and	large	single	features	to	be	easily	identified.	The	 elevation	 data	 contained	 within	 this	 data	 set	 and	 the	 simplicity	 with	 which	visualisation	 manipulations	 can	 be	 undertaken	 make	 SRTM	 data	 an	 excellent	resource	 for	 large	 scale	 mapping	 without	 which	 many	 landforms	 would	 not	 have	been	 recognised	 based	 purely	 on	 Landsat	 ETM+	 imagery.	 This	 was	 particularly	important	 in	 identifying	 large	areas	of	smoothed	 terrain	covered	 in	megalineations.	However,	 like	 mapping	 in	 southwestern	 Saskatchewan	 previously	 completed	 by	 Ó	Cofaigh	 et	 al.	 (2010),	 many	 smaller	 features	 such	 as	 esker	 networks	 and	 the	intricacies	of	minor	transverse	ridges	could	not	be	identified	using	the	SRTM	imagery	due	to	resolution	constraints.	In	some	cases	these	features	could	be	easily	identified	when	SRTM	imagery	was	used	 in	conjunction	with	higher	resolution	Landsat	ETM+	imagery.	 One	 example	 of	 this	 is	 the	 identification	 of	 landforms	 that	 demarcate	 Ice	Stream	 2C	 that	 were	 previously	 unrecognised.	 However	 in	 a	 number	 of	 cases	 this	combined	 mapping	 technique	 still	 has	 limitations.	 For	 example	 as	 discussed	 in	
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section	 5.1.5,	 smaller	 meltwater	 channels	 could	 have	 existed	 which	 could	 not	 be	resolved	and/or	differentiated	from	sub-aerial	rivers	(active,	seasonal	or	dry).	This	is	also	exemplified	when	looking	at	hummocky	terrain	where	the	resolution	of	imagery	was	 insufficient	 to	 make	 significant	 insight	 into	 its	 morphology.	 To	 resolve	 such	problems	 future	 work	 should	 aim	 to	 undertake	 ground	 truthing	 in	 particularly	problematic	 areas,	 such	 as	 around	 the	 former	 flow	 path	 of	 Ice	 Stream	 2C,	 thereby	providing	more	evidence	with	which	to	interpret	and	identify	certain	features.			7.4.2	Stratigraphic	analysis	The	 use	 of	 stratigraphic	 data	 was	 pivotal	 to	 this	 study.	 This	 data	 has	 provided	 a	detailed	regional	view	of	past	glacial	and	interglacial	depositional	records	from	which	the	history	of	the	region	and	the	dynamics	and	processes	of	the	LIS	through	time	was	inferred.	While	this	data	has	been	valuable,	there	are	several	limitations	with	relate	to	its	application.	Firstly,	as	highlighted	in	sections	5.2	some	units	displayed	very	similar	lithologic	and	geophysical	properties	and	so	could	often	only	be	differentiated	with	confidence	 when	 separated	 by	 stratified	 units.	 To	 increase	 the	 confidence	 of	stratigraphic	 interpretations	 future	 research	 should	 aim	 to	 sample	 several	 high-resolution	 cores	 within	 southwestern	 Saskatchewan	 and	 investigate	 their	mineralogic	 and	 petrologic	 properties,	 such	 as	 the	 composition	 of	 the	 very	 coarse-sand	 fraction,	 clast	 lithology,	 carbonate	 content	 and	 till	 geochemisty.	 Such	 analysis	would	 not	 only	 provide	 a	 greater	 level	 of	 confidence	 when	 differentiating	stratigraphic	units,	but	would	also	provide	insight	into	subglacial	transport	distance	and	thus	glacial	flow	patterns.		Another	 limitation	 related	 to	 sedimentological	 analysis	 within	 this	 study	 is	 the	tentative	nature	of	correlation	of	stratigraphic	units	with	those	of	previous	studies.	As	stated	in	section	7.1.4	such	correlations	are	very	provisional,	especially	in	relation	to	the	oldest	 tills	 (DU-1,	2,	3	and	4).	Therefore	 the	most	appropriate	extension	 to	 this	work	may	 be	 a	 continuous	 transect	 across	 Alberta,	 Saskatchewan	 and	Manitoba	 to	correlate	 these	 deposits.	 In	 addition	 to	 limitations	 relating	 directly	 to	 the	stratigraphic	 units,	 it	 is	 also	 clear	 that	 there	 is	 a	 significant	 lack	 of	 dating	 control	within	 the	 units	 identified	 within	 the	 study	 area.	 The	 construction	 of	 a	chronostratigraphy	is	of	great	importance	in	order	to	understand	the	timescale	over	
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which	deposition	of	stratigraphic	units	occurred	and	would	provide	a	robust	test	of	the	 inferred	 stratigraphic	 chronology	 suggested	 in	 previous	 work	 (Christiansen,	1971)	and	used	in	this	study.		7.4.3	Stratigraphic	analysis:	the	application	of	Rockworks	16TM	This	study	has	employed	Rockworks16	TM.	The	application	of	this	program	within	this	study	 has	 allowed	 a	 previously	 unprecedented	 view	 of	 the	 glacial	 stratigraphy	 of	southwestern	Saskatchewan	to	be	produced.	 It	 is	 thus	necessary	 to	critically	access	the	 use	 of	 this	 program	 in	 reconstructing,	 analysing	 and	 interpreting	 sub-surface	stratigraphy	from	a	palaeoglaciological	perspective.		One	of	the	key	2D	outputs	used	within	this	study	were	computer-generated	isopach	maps.	These	were	particularly	useful	in	interpreting	till	thickening	and	were	created	(using	 an	 inverse	 modelling	 logarithm)	 and	 reviewed	 to	 identify	 anomalous	 data	points.	Such	points	were	evaluated	and	 in	many	cases	reinterpreted	 to	create	more	consistent	isopach	trends.	Isopach	maps	were	also	filtered	to	remove	extremely	thin	parts	of	units,	and	thicknesses	<2m	were	set	to	zero.	This	was	particularly	effective	to	remove	outliers	that	were	well	outside	the	main	part	of	the	unit.	These	manipulations	were	all	completed	within	Rockworks,	demonstrating	the	very	adaptive	nature	of	the	program.	 However	 one	 challenge	 in	 creating	 isopach	 maps	 is	 that	 in	 some	 areas	boreholes	did	not	penetrate	the	entire	thickness	of	a	unit.	This	produced	a	thin	false	region	of	an	isopach	map.	This	was	partially	evident	in	lower	till	units	DU-1	and	2.	In	such	 areas	 the	 model	 was	 edited	 and	 thicknesses	 were	 estimated	 from	 the	surrounding	boreholes.			Another	problem	occurring	 in	 the	production	of	 isopach	maps	was	 the	 incidence	of		unrealistic	 contour	 trends.	 Contours	 are	 created	 based	 on	 the	 thickness	 of	stratigraphic	units	from	borehole	measurements;	these	values	are	then	extrapolated	to	 the	 surrounding	 areas	 in	 a	 circular	 fashion.	 One	 limitation	 of	 this	 occurs	where	very	thick	and/or	thin	till	units	are	recorded	in	only	one	borehole	in	a	region.	These	values	 are	 often	 over	 extrapolated,	 creating	 unrealistic	 isopach	 contours	 within	sections	 of	 the	 study	 area.	 Furthermore	 in	 areas	 where	 tills	 are	 topographically	constrained	 (i.e.	 within	 buried	 valleys)	 the	 circular	 interpolation	 of	 stratigraphic	
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units	 takes	no	account	of	such	 features,	and	hence	 in	such	areas	maps	were	edited.	Therefore	 as	 stated	 in	 section	 4.2.4	 the	 isopach	 maps	 produced	 within	 this	 study	should	be	viewed	as	estimates	of	sediment	thickness.		One	of	the	most	important	stages	in	constructing	stratigraphic	models	in	Rockworks	is	 the	 production	 of	 grids.	 Grids	 are	 created	 by	 assigning	 values	 to	 grid	 nodes	between	 boreholes	 that	 correspond	 to	 a	 stratigraphic	 class	 based	 on	 the	 relative	proximity	of	each	grid	node	to	the	surrounding	holes.	A	strength	of	this	3D	gridding	process	is	that	the	interpolated	data	in	the	resulting	3D	grid	have	the	appearance	of	a	stratigraphic	unit,	with	an	aspect	ratio	that	emphasises	the	horizontal	dimension	over	the	vertical.	Also	the	method	preserves	the	local	variability	of	the	stratigraphy	in	each	drill	 hole	 with	 no	 smoothing	 or	 averaging.	 Thus,	 where	 data	 are	 abundant	 local	variability	 is	 incorporated.	 One	 limitation	 of	 this	 type	 of	 numerical	 interpolation	 is	the	sensitivity	to	the	distribution	of	the	data,	where	values	from	an	isolated	drill	hole	tend	to	extrapolate	outward	to	fill	an	inordinate	amount	of	the	model	area.	The	effect	is	particularly	noticeable	where	a	small	number	of	deep	drill	holes	are	 interspersed	with	 shallower	 holes.	 This	 point	 is	 exemplified	 within	 the	 northwest	 of	 the	 study	area.	 In	this	region	few	boreholes	are	present	and	as	a	result	when	grid	models	are	created	a	high	degree	of	extrapolation	 is	present.	This	 is	exemplified	by	the	surface	bedrock	topography	grid		(Fig	5.5)	where	the	model	has	produced	clear	steps	in	the	topography	and	a	flat	zone	in	the	very	northwest	of	the	study	area.			In	summary	while	there	are	still	some	limitations	associated	with	the	application	of	Rockworks16TM,	 this	program	is	extremely	useful	 in	 the	delineation	of	stratigraphic	units,	 and	 the	 mapping	 of	 their	 extent,	 thickness	 and	 3D	 distribution.	 Thus	 the	approach	within	this	study	has	proved	to	be	a	successful	methodology	with	which	to	approach	 sub-surface	 stratigraphic	 modelling	 where	 borehole	 data	 are	 relatively	abundant.	 Furthermore,	 its	 success	 within	 an	 area	 composed	 of	 complex	stratigraphies	with	numerous	 till	units	suggests	 that	 this	approach	would	be	highly	applicable	 in	a	number	of	 sedimentological	 settings	as	a	 tool	 to	assess	 sedimentary	architecture.	 In	order	 to	extend	 the	 results	of	 this	 study	 region,	 it	would	also	 seem	sensible,	given	the	availability	of	borehole	data	that	exists	within	Saskatchewan	and	Alberta	to	apply	the	methods	used	in	this	study	to	model	till	architecture	across	other	
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areas	 of	 the	Canadian	Prairies.	Of	 particular	 interest	would	be	3D	modelling	 of	 the	HPIS	 and	 CAIS,	 and	 the	 Sand	 River	 area	 73L	 of	 Alberta.	 This	 would	 allow	 a	quantification	 of	 the	 volume	 of	 subglacial	 till	 emplaced	 during	 ice	 stream	 activity	through	time.	
	
7.5	Summary	This	chapter	has	reconstructed	the	Quaternary	stratigraphy,	surficial	geomorphology	and	depositional	history	of	the	SWSS.	17	glacial	and	nonglacial	units	indicate	that	ice	advanced	 across	 the	 study	 area	 7	 times.	 The	 thick	 tills	 in	 this	 region	 record	 the	erosion,	transport	and	deposition	of	unlithified	sediment	by	ice	streams	and	provide	the	first	regional	scale	evidence	to	allow	the	recognition	of	the	activity	and	dynamic	behaviour	of	a	former	ice	sheet	and	its	ice	streams	from	its	till	architecture.																											
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8.	Conclusions		The	aims	of	this	study	were	to:	i.	reconstruct	the	depositional	history	of	the	SWSS;	ii.	determine	the	spatial	dynamics	and	regional	sedimentary	architecture	of	palaeo-ice	streams;	 and	 iii.	 evaluate	 the	 significance	of	depositional	patterns	 in	 the	 context	of	theoretical	models	of	regional	till	architecture	(Boulton,	1996a,	b).	With	reference	to	these	aims	the	following	conclusions	are	drawn:	1. Detailed	 mapping	 over	 a	 57,400	 km2	 area	 of	 southwestern	 Saskatchewan	reaffirms	the	previous	proposal	of	a	southwest	trending	ice	stream	demarcated	by	 a	 corridor	 of	 megaflutes	 and	 MSGLs	 (Ice	 Stream	 1)	 extending	 from	 the	Canadian	 Shield	 to	 southwestern	 Saskatchewan.	 This	 corridor	 is	 cross	 cut	 by	three	(one	previously	unrecognised)	south	to	southwest	trending	ice	streams	(Ice	streams	2A,	B	and	C).		2. 	The	superimposition	of	these	corridors	suggests	that	a	dynamic	switch	in	flow	direction	occurred	in	this	region	and	subsequently	the	persistent	fast	flow	of	Ice	Stream	1	gave	way	to	the	more	transitory	surging	system	of	Ice	Streams	2A,	B	and	C.		This	suggests	the	possibility	of	periodic	instability	within	this	region	of	the	LIS	during	the	Late	Wisconsinan.	3. Analysis	of	the	lithologic	and	geophysical	characteristics	of	197	borehole	samples	within	 these	 corridors	 revealed	 a	 superimposed	 glaciogenic	 sequence	 of	 17	stratigraphic	units.	4. A	 3D	 stratigraphic	 model	 of	 the	 57,400	 km2	 swath	 was	 then	 constructed	 by	extrapolating	 data	 away	 from	 boreholes	 using	 a	 nearest-neighbour	 approach.	Using	this	model	the	thickness,	extent	and	distribution	of	these	stratigraphic	units	was	delineated,	allowing	the	depositional	history	of	the	region	to	be	reconstructed	and	thus	the	extent	of	till	emplaced	during	ice	stream	operation	through	time	and	space	to	be	inferred.	5. Reconciling	 this	 regional	 till	 architecture	 with	 the	 regional	 geomorphology	revealed	that	surficial	units	are	spatially	consistent	with	a	dynamic	switch	in	ice	stream	flow	direction.		6. Thin	 tills	 at	 the	 centre	 of	 the	 trunk	 zone	 of	 Ice	 Stream	 1	 in	 many	 places	 lie	unconformably	 over	 stratified	 sediments,	 suggesting	 widespread	 basal	 sliding	may	 have	 been	 subordinate	 to	 deformation,	 but	 the	 general	 thickening	 of	 tills	
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Appendix	1		This	 appendix	 is	 intended	 to	 supplement	 the	 methods	 section	 of	 the	 thesis	 and	contains	 a	 step-by-step	 guide	 to	 enable	 users	 to	 create	 lithologic	 and	 stratigraphic	models	 using	 Rockworks	 16TM.	 This	 appendix	 also	 contains	 a	 supplementary	 file	comprising	 a	 dynamic	 three-dimensional	 image	 of	 the	 static	 two-dimensional	stratigraphic	model	included	as	a	figure	(Fig	5.4)	in	the	main	text.	This	diagram	was	created	in	Rockworks	3D	16TM	modelling	software	package	(Rockware	Earth	Science	and	GIS	software:	www.rockware.com)	and	is	viewable	and	can	be	manipulated	using	the	 Rockworks	 3D	 viewer	 Rockplot3D	 (available	 as	 a	 free	 software	 download	 at	www.rockware.com/downloads/trailware.php	[June	2016]).			 	
				
Rockworks	3D	viewer	download	location.	Step	by	step	introductory	video	is	available	and	accessible	from	
www.rockware.com/downloads/trailware.php			Creating	a	new	project	When	starting	a	project	in	Rockworks	it	is	necessary	to	create	a	New	Project	Folder.	To	do	this	load	the	Rockworks	16TM	program	by	clicking	on	the	Rockworks	shortcut	on	your	desktop	home	screen.	Two	program	screens	will	open	a	project	screen	and	a	help	screen.	Close	 the	help	screen.	The	project	screen	 is	 the	main	screen	base	 from	here	you	will	 save,	manipulate	and	 input	and	export	data.	On	 the	 left	of	 this	screen	you	 will	 see	 all	 files	 created.	 Within	 the	 centre	 of	 the	 screen	 several	 parts	 of	 the	program	can	be	accessed	including	a	Welcome,	EarthApps,	Utilities	and	Borehole	
Manager	screen.	Familiarise	yourself	with	this	screen.		To	 create	 a	 new	 project	 click	 on	 the	 Borehole	 Manager	 tab	 and	 choose	 project	




and	 verify	 the	Datum	 if	 necessary.	 Select	 the	Vertical	 Units	 you	wish	 to	work	 in.	Click	the	Yes	button	to	create	your	new	project.	
Rockworks	 16TM	 home	 screen.	 Highlighted	 are	 the:	 	 Welcome,	 EarthApps,	 Utilities	 and	 Borehole	
Manager	 tabs.	The	dropdown	Project	 folder	 tab	 is	also	expanded	 to	display	 the	 location	of	 the	Create	
New	Project	button.		Data	Compilation-	Importing	and	synthesising	borehole	data	There	are	several	methods	to	import	data	into	Rockworks.	The	easiest	and	quickest	method,	 especially	 in	 cases	 where	 there	 is	 a	 lot	 of	 data,	 is	 via	 an	 Excel	 file.	 Data	corresponding	to	Rockworks	can	be	stored	on	multiple	sheets	within	the	Excel	File.	Note	that	in	order	for	Rockworks	to	automatically	recognise	the	columns	in	Excel	you	should	 only	 use	 those	 defined	 by	 Rockworks.	 If	 you	 would	 like	 to	 add	 additional	names	Rockworks	will	still	add	this	data	however	they	will	also	have	to	be	manually	added	to	Rockworks.		 		
Rockworks	 home	 screen.	
Within	the	Borehole	Manager	
the	Fileà 	 Importà 	Excelà 	




Once	 you	have	 created	 an	Excel	 spreadsheet,	 go	back	 and	open	Rockworks.	Within	Rockworks,	choose	the	File	à 	Import	à 	Excel	à 	Multiple	Tables	(or	Single	Table	if	 you	 only	 have	 a	 single	 sheet	 table)	menu	 commands.	 The	Confirm	 window	will	then	appear	that	prompts	you	to	Backup	your	database.	While	you	may	not	want	to	do	this	now,	it	is	best	to	get	into	the	habit	of	backing	up	the	system	prior	to	importing	new	data	in	case	unwanted	changes	occur.			Note	 when	 creating	 your	 Excel	 datasheet	 boreholes	 IDs	 should	 contain	 the	 same	amount	of	numerial	figures.	For	example	for	data	sets	with	+99	boreholes,	borehole	IDs	 should	 be	 numberd	 BH-001,	 BH-002,	 BH-003…	 rather	 than	 BH-1,	 BH-2,	 BH-3,	ensuring	boreholes	are	displayed	in	the	correct	order	in	the	Borehole	Manager.		 																																	





Project	dimension	 setting	 tool.	Users	 should	 reset	 the	dimensions	of	 the	project	when	 they	add	or	alter	
borehole	input	data.		To	select	the	file,	click	on	the	Yellow	Open	Folder	icon	and	locate	your	file.	Click	Next	and	a	Block	Selection	tab	should	appear.	The	Block	Selection	tab	is	used	to	match	the	names	of	sheets	in	Excel	with	Database	Table	Names	in	Rockworks.	If	you	have	used	 names	 that	 do	 not	 match	 up	 automatically	 this	 is	 the	 point	 to	 assign	 them	manually.	 Click	Next.	 The	Data	 Coordinates	 tab	 should	 appear.	 This	 tab	 lets	 you	specify	 the	 Coordinate	 System	 of	 the	 incoming	 data.	 Set	 this	 to	 the	 correct	
Coordinate	System.	Click	Next.	The	Location	tab	will	now	appear.	This	tab	lets	you	specify	 the	 columns	 in	 the	 Excel	 spreadsheet	 that	 correspond	with	 the	 field	 in	 the	Rockworks	Location	 Table.	At	 the	 side	of	 the	window,	borehole	overwrite	options	are	available.	These	options	allow	you	to	alter	how	data	is	imported.	To	import	a	new	record	 select	Create	 New	 Record.	 Click	Finish	 and	Confirm.	 Rockworks	will	 now	load	the	data	and	calculate	the	XY	location	and	elevation	of	each	data	point	within	the	borehole	record	you	have	imported.	Note:	importing	of	large	datasets	may	take	some	time.	Click	Yes	to	display	the	output	units	and	dimensions.		Before	 you	 start	 to	 create	 maps	 and	 models	 within	 Rockworks	 you	 must	 set	 the	project	 dimensions.	 To	 do	 this	 select	 Scan	 Boreholes	 at	 the	 bottom	 of	 the	 home	screen.	Click	Process.			Visualising	Borehole	Distribution-Site	Map	construction	In	order	to	interpret	the	stratigraphy	of	your	study	area,	it	is	necessary	to	view	data	stored	 in	 the	 Borehole	 Manager	 using	 striplogs,	 cross-sections	 and	 other	 tools.	However	prior	to	this,	visualisation	of	the	spatial	distribution	of	your	boreholes	sites	must	be	completed.		
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Within	 the	 borehole	manager	 select	 your	 project	 folder.	Within	 this	 select	 Map	à 	
Borehole	 Locations.	 This	 will	 open	 the	 2-Dimensional	 Borehole	 Location	 Map	window.	Within	 this	 window	 adjust	 settings	 to	 your	 desired	 preferences	 (Click	 on	
Borehole	 Symbol	 +	 Label	 Options	 for	 options	 to	 change	 symbols	 and	 the	 size	 of	borehole	ID	text).	Click	on	the	Process	button.			Altering	lithologic	and	stratigraphic	type	tables	Prior	to	modelling	stratigraphy	and	 lithology	 it	 is	necessary	to	set	 the	 lithology	and	stratigraphy	 type	 tables.	The	 types	 tables	define	 the	colour	and	pattern	of	 lithology	and	stratigraphy.	To	do	this	click	on	the	Borehole	Manager	tab	on	the	home	screen	and	 select	 à	 Borehole	 001	 à 	 Lithology	 (Stratigraphy).	 This	 will	 open	 the	
Lithology	(Stratigraphy)	Type	Table.	Within	this	table	will	be	a	list	of	all	lithology	(stratigraphy)	types	that	you	recorded	within	Excel.	You	may	now	manually	alter	the	colours	and	patterns	of	units	and	or	import	a	standardised	set	of	colours	and	patterns	from	another	project	via	the	File	à 	Inset	button.			Note	 if	 any	 naming	 inconsistencies	 occurred	 when	 you	 input	 your	 data	 in	 Excel,	multiple	keywords	for	the	same	material	will	now	appear.	To	change	this,	right	click	on	the	material	and	click	Delete.	An	option	will	now	appear	to	transfer	these	layers	to	the	correctly	spelled	material	section.	Click.			It	 is	 also	 necessary	 with	 the	 stratigraphy	 table	 to	 order	 the	 units	 in	 terms	 of	stratigraphic	position.	From	1	(lowest	unit)	to	100+	(highest	unit).	 If	 this	process	 is	not	completed	stratigraphy	modelling	will	produce	unrealistic	models.	




Cross	Lithologic	section	and	single	log	construction		In	many	cases	it	is	useful	to	create	a	Single	Striplog	of	a	single	borehole.	This	is	often	useful	 to	aid	 interpretation	of	stratigraphy	or	 to	check	previously	 interpreted	units.	To	do	this	click	on	the	Borehole	Manager	(home	screen)	and	select	the	desired	core.	Go	to	the	Striplogs	Menu	and	choose	Striplogs	à 	2-Dimensional	à 	Single	 log.	A	
2D	Striplog	option	window	will	now	open.	Click	on	the	2D	Striplog	Designer.	This	Window	allows	you	to	establish	what	data	will	be	displayed	in	the	striplog.	Select	any	other	desired	options.	Click	Process.			
Single	 striplog	 designer	 used	 to	 create	 single	 composite	 striplogs.	 The	 borehole	 selection	 tool	 and	




Creating	a	lithologic	striplog	section		This	is	a	useful	tool	to	view	the	lithology	of	a	section	of	your	study	area.	To	create	a	striplog	section	Choose	the	Striplogs	à 	2-Dimensional	à 	Section	Menu	command	to	display	the	Hole-to-Hole	 Section	window.	Click	the	2D	striplog	designer	tab	to	display	 striplog	 options.	 Select	 your	 desired	 options.	 Next,	 click	 on	 the	 Section	
Selection	Map	(to	the	right	of	the	2D	Striplog	Designer	tab)	and	select	your	desired	section.	Click	Process.	 			
Striplog	 section	 tool	 showing	 section	 selection	
map.	Within	the	section	selection	map	all	enabled	
boreholes	are	 shown	and	can	be	 selected	 to	 form	
part	of	a	striplog	section.																	Creating	3D	stratigraphic	model	and	diagrams.	Once	 you	 have	 interpreted	 all	 stratigraphic	 units,	 either	within	 Excel	 or	 through	 a	combination	of	manual	interpretation	and	cross	referencing	using	lithologic	sections	and	logs	discussed	above	you	can	now	create	a	Stratigraphic	Model.	It	is	likely	that	once	you	have	create	a	 stratigraphic	model	 in	3D,	your	 interpretations	may	change		and	you	may	have	to	repeat	several	of	 the	above	steps	 in	order	 to	create	your	 final	outputs.	The	simplest	method	of	creating	stratigraphic	modelling	is	described	below.	However	models	can	also	be	created	manually	and	imported	and	appended.	To	create	a	simple	stratigraphic	model:	go	to	the	stratigraphy	menu	and	choose	Stratigraphy	




Stratigraphic	 model	 creation	 window	 and	 resulting	 3D	 model	 window.	 The	 gridding	 option	 tab	 and	




Creating	stratigraphic	fence	diagrams	This	 is	 a	 useful	 tool	 to	 allow	 you	 to	 view	 a	 variety	 of	 angles	 in	 your	 stratigraphic	model,	which	may	aid	further	interpretations.	To	build	a	stratigraphy	fence	diagram	go	 to	 Stratigraphy	à 	 Fence	 (3D	 profiles)	à 	 Fence	 Diagrams.	 Click	 the	 Fence	
Selection	 Map	 tab	 to	 the	 right.	 You	 should	 now	 see	 a	 map	 of	 all	 your	 boreholes.	Select	an	appropriate	fence.	Click	Process.	A	new	Rockplot	3D	tab	will	open	with	a	modelled	fence	diagram	displayed.		 											
																	









2D	Isopach	creation	window.	The	stratigraphic	unit	selection	dropdown	menu	is	highlighted.		Document	export	and	manipulation	Once	models,	cross	sections,	and	or	 logs	have	been	created	to	 the	users	preference,	files	can	be	exported	in	DXF,	BMP,	 JPG,	TIFF,	PNG,	ESRI	shapefiles.	It	is	also	worth	noting	that	the	majority	of	graphics	can	be	exported	to	Google	Earth.	This	feature	is	particularly	 useful	 for	 viewing	 single	 borehole	 point	 data	 in	 relation	 to	geomorphology.	 Once	 data	 has	 been	 exported,	 files	 can	 also	 be	 manipulated	 in	 a	graphics	 package	 such	 as	 Adobe	 Illustrator.	 This	 proves	 particularly	 useful	 for	manipulating	 2D	 diagrams	 and	 or	 overlying	 multiple	 diagrams	 to	 produce	 3D	conceptual	diagrams.	Furthermore	multiple	models	can	also	be	Appended,	Draped	or	Overlain	 over	 one	 another	 within	 Rockworks.	 These	 functions	 are	 particularly	useful	 when	 the	 relationship	 between	 stratigraphic	 units	 and	 topographic	 features	needs	to	be	assessed.					
Organic deposits- Black, organic rich peat; commonly 
occurs as blankets found in bogs occurring in low-lying, 
poorly drained areas 
 
Scree deposits- Poorly sorted, sandy to gravelly 
material; found along slopes and at the base of steep 
bedrock cliffs 
 
Fluvial deposits- Sand and gravels deposited by a 
modern stream; commonly occur as terraces and 
floodplains in river valleys; moderately to well stratified 
and sorted 
 
Lacustrine deposits- Sediment deposited in and 
adjacent to lakes; includes beach deposits. 
Predominantly sand and gravel, stratifed to massive, 
generally moderately to well sorted  
 
Aeolian deposits- Wind-deposited sediment; medium 
to fine grained sand; well sorted; generally massive; 
local cross bedding or ripple laminations 
 
Glaciolacustrine deposits- Sediment deposited in 
glacial meltwater lakes; sand, silt and minor clay and 
gravel; generally well stratifed and sorted 
 
Glaciofluvial deposits- Fine to coarse sand and pebble 
to cobble-sized gravels; deposits are typically found in 
terraces and outwash plains and in association with 
meltwater channels 
 
Morainic deposits- Terrain consisting of unstratifed, 
unsorted sediment deposited by a glacier; mainly till  (a 
mixture of sand, silt and clay); locally may be composed  
of one or more of shale, siltstone, sandstone or stratfied 
drift, or includes discontinuous layers of stratifed 
sediment generally sand 
 
Fluted morainic deposits- All glacially streamlined 
terrain; varies from alternating furrows and ridges to 
nearly equidimensional smoothed hills; all landforms 
parallel to the local glacier flow direction.  Includes 
flutes, drumlins and mega-scale glacial lineations; till 
with local sand and gravel 
 
Stagnant ice morainic deposits- Terrain resulting 
from the collapse and lateral movement of supraglacial 
sediment in response to the melting of buried stagnant 
ice 
 
Ice-thrust morainic deposits- Masses of originally 
subglacial sediment incorporated, transported and 
deposited by a glacier more or less intact; deposits may 
include syngenetic till and masses of pre-existing till, 







Rivers- Active channels 
 
Ponds and lakes 
 
Dunes- Semi stablised sand dunes and blowouts  
 
 
Meltwater channels- Channels cut by former glacial 
spillways 
 
Hummocky terrain- Hummocky, dead-ice and 
disintergration moraine; includes prairie mounds and 
some transversely lineated moraines and local pitted 
laustrine deposits 
 
Moraine crest (major)- Ridges greater than 50 m to 
200 m wide; interlobate, ice stream lateral and 
marginal moraines 
 
Moraine crest (minor)- Ridges less than 20 m wide 
and usually less than 2 m high includes interlobate, ice 
stream lateral and marginal moraines 
 
Overridden moraine crest- Moraine ridges 
exhibiting geomorphological evidence for ice overriding 
 
Ice flow parallel lineations- Includes glacial fluting, 
drumlinoid ridges, drumlins and mega-scale glacial 
lineations 
 
Eskers, kame, kame-complex   
 
Escarpment- Bedrock, ice contact 
 
Geometric ridge networks- Comprising till cores, 
straight or slightly arcuate, and intersecting ridges  
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Transects of topography Glacial geomorphology of the southwestern Saskatchewan swath Surficial geology of the southwestern Saskatchewan swath.  Adapted 
from: Campbell (1986a, b, 1987a, b)
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Bedrock topography of the southwestern Saskatchewan swath.  Solid 
black lines denote buried valleys adapted from: Stalker (1961). 
Dashed line represents potential buried valleys 
Shuttle Radar Topography Mission (SRTM) image of ice stream 
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Projection: UTM 12U  
Datum: North American Datum 1983 
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Surfical Stratified Deposits (SSD) 
 
Diamicton Unit 7  (DU-7) 
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Empress Group (EMP-3) 
Empress Group (EMP-2) 










Boreholes may show various  
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